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Obituary Notice 


ROBERT HENRY ADERS PLIMMER 
(1877-1955) 


Robert Henry Aders Plimmer, who died on 18 June 
1955, aged 78, leaves a record of services rendered 
to the cause of biochemistry extending over more 
than half a century. He was one of the most active 
amongst the group of enthusiastic young men who 
founded the Biochemical Society, of which he 
became the first Secretary. He lived to see the 
Society grow to a position of importance and in- 
fluence far beyond the wildest dreams of the 
founders. In 1943 Plimmer was elected an Honorary 
Member of the Society. He was a recognized 
authority on the chemistry of proteins and on 
nutrition, an author of several books and many 
scientific papers, co-editor of a famous series of 
monographs on biochemistry, a successful and well- 
beloved teacher at University College and at 
St Thomas’s Hospital, and finally a member of the 
staff of the Postgraduate Medical School, where he 
continued actively at work to the end of his life. 
The eldest son of Alfred Aders of Manchester, he 
was born on 25 April 1877 at his mother’s home in 
Elberfeld, Germany, and was brought to England 
when a few months old. He was only eight years 
old when his father died in 1885. The family was 
then living in the Crystal Palace area of South 
Some years later his mother married 
F.R.S., an eminent 
bacteriologist at St Mary’s 


London. 
Henry George 
pathologist and 
Hospital, who afterwards became the first Professor 
of Comparative Pathology in the Imperial College 
of Science and Technology. Dr Plimmer, an 
extremely wise and kind man, greatly influenced the 
character, interests and pursuits of his stepson, who 
eventually added the name of Plimmer to his own. 
After attending Dulwich College, where H. B. 
Baker was his chemistry master and John Q. 
Rowett and Ernest Shackleton were his school- 
fellows, young Aders (Plimmer) entered as an 
undergraduate at University College, London, at 
the time that Sir William Ramsay was Giscovering 
the rare gases. He graduated B.Sc. in 1899. His 
stepfather, foreseeing the trend of physiological 
chemistry, strongly urged him to take up this 
borderline subject, and with this object in view he 
went first to Geneva to study under C. Graebe, and 
later to Berlin to study under Emil Fischer. His 


Plimmer, 


23 


friend Paul Haas was a fellow student in Geneva, 
and E. F. Armstrong was with him in Berlin. In 
Geneva he collaborated with C. Graebe and J. 
Heyer in some work on euxanthic acid and 
euxanthone. Two papers by them published in 
LInebigs Annalen der Chemie (318) were the first in 
which his name (R. H. Aders) appears. In Berlin he 
investigated first the action of poisons on the 
hydrolytic action of enzymes, but later came his 
first introduction to protein analysis when Fischer 
asked him to continue work started by P. A. Levene 
on the hydrolysis of gelatin. Thus began his lifelong 
interest in the chemistry of proteins. A paper 
entitled ‘Ueber die Hydrolyse des Leims’ by Emil 
Fischer, P. A. Levene and R. H. Aders (1902; 
Hoppe-Seyl. Z. 35) gives an account of this work. 
This work, and also the action of poisons on 
enzymes, were written up in English from Berlin 
and printed by John Bale, Sons and Danielsson in 
1902. By now he was signing himself R. H. Aders 
Plimmer. 

He obtained his D.Se. (London) in 1902, and in 
that same year he was awarded a Grocers’ Company 
Research Studentship and returned to England to 
work for two years in the Jenner Institute of 
Preventive Medicine (later renamed The Lister 
Institute). 
studentship included one with A. D. Waller on ‘The 
Physiological Action of Betaine Extracted from 
Raw Beet-sugar’ (1903; Proc. Roy. Soc. 72, 345). 
Two papers (1904; J. Physiol. 31, 32) on the forma- 
tion of prussic acid by the oxidation of albumins, 
and one describing the separation and estimation of 


Papers published during his research 


silver cyanide and silver chloride (1904; Trans. 
chem. Soc. 85) are of interest, not only for their 
contents, but in showing how the surname Aders 
came to be regarded as another of his Christian 
names. In 1903 his first The Chemical 
Changes and Products Resulting from Fermentations 
(Longmans, Green and Co. Ltd.) gave an excellent 
summary and full bibliography of enzyme work up 


book, 


to that time. 

In 1904 Plimmer returned to University College 
as an assistant in Physiological Chemistry under 
Starling and Bayliss in the Department of Physio- 
logy. Thus began those fifteen fruitful and happy 
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years at University College, during which he was to 
play a great part in the rapid changes and advances 
being made in biochemistry. He was elected 
a Fellow of the College in 1906, Assistant Professor 
of Physiological Chemistry in 1907 and University 
Reader in 1912. The first indication of his interest 
in phosphoproteins appeared in a paper with 
Bayliss (1906; J. Physiol. 33), ‘The Separation of 
Phosphorus from Caseinogen by the Action of 
Enzymes and Alkali’. He continued to the end of 
his life to be keenly interested in the chemistry of 
biological phosphorus compounds, publishing many 
papers on this subject in the Journal of Physiology, 
the Journal of the Chemical Society and the Bio- 
chemical Journal. Other subjects worked on at this 
time included intestinal lactase (1906; J. Physiol. 
34, 35), the metabolism and origin of uric acid 
(1909; J. Physiol. 39) and the estimation of 
allantoin (1914; Biochem. J. 8), but his main line of 
research was concerned with the chemistry of 
proteins. He wrote an account of ‘The Work of 
Emil Fischer and his School on the Chemistry of the 
Proteins’, for Science Progress (July 1907). In 
1908 he became co-editor with Hopkins of that 
extremely valuable series of ‘Monographs on 
Biochemistry’ to which he himself contributed 
The Chemical Constitution of the Proteins. 

Plimmer translated Bunge’s Organic Chemistry 
for Medical Students (1907; Longmans, Green and 
Co. Ltd.) and also wrote for his students a hand- 
book of Practical Physiological Chemistry, which 
eventually developed into his well-known text- 
book Organic and Biochemistry. 

Plimmer took part in the planning and equipping 
of the new Institute of Physiology at University 
College. Together with Professor Starling he toured 
the Continent, visiting numerous laboratories in 
search of ideas for the most efficient lay-out of the 
new departments. A detailed description of the 
Institute, which was opened in 1909, is to be found 
in the British Medical Journal, 12 June 1909. 

The year 1911 was a momentous one for British 
biochemistry, for in that year the Biochemical 
Society was founded. In the History of the Bio- 
chemical Society, written by Plimmer in 1949, he 
explained the considerations which led to its 
formation, but he was far too modest about the 
part he himself played. Stung into action by an 
article in the press describing a new science, 
biochemistry, which was making rapid progress on 
the Continent but was apparently unknown in 
Britain, Plimmer and his friend J. A. Gardner took 
the initiative by sending their now famous post- 
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cards to fellow workers, inviting them to attend 
a meeting at University College. At that pre- 
liminary meeting it was decided to form a Society 
or Club, and Plimmer was asked to be Secretary 
and Treasurer. The first official meeting was held 
at University College on 4 March 1911. At that 
meeting the title Biochemical Club, rather than 
Biochemical Society, was agreed upon until such 
time that they became more firmly established and 
possessed a journal of their own. As Secretary and 
Treasurer the bulk of the work connected with the 
Club fell upon Plimmer, and it was largely due to his 
patience, perseverance and tact that the Club did 
not founder in its early years, especially during 
the prolonged and difficult negotiations for the 
purchase of the Biochemical Journal owned by 
Benjamin Moore. When at last the Jowrnal was 
acquired, the Club became the Biochemical Society, 
Bayliss and Harden were appointed editors, 
Gardner became Honorary Treasurer and Plimmer 
remained as Honorary Secretary. These original 
officials set the standard for the present flourishing 
Society and steered it through its difficult early 
years. Harden, Gardner and Plimmer were guests 
of honour at the Society’s twenty-first birthday 
dinner in 1933. It has become traditional for the 
Annual General Meetings to be held in the Institute 
of Physiology at University College, where the 
Society was born. 

Plimmer was married in 1912 to Miss Violet 
Geraldine Sheffield, a biologist and a talented 
amateur artist who had illustrated at least one 
textbook of biology. Plimmer had long been 
regarded as a confirmed bachelor, so his friends 
were agreeably surprised to hear of his engagement. 
It is said that J. A. Gardner’s pipe fell out of his 
mouth when he heard the news. The Plimmers were 
a charming and devoted couple, who frequently 
entertained their many friends and colleagues at 
their Hampstead home. Four children were born, 
a son and three daughters. 

During the 1914-18 war Plimmer was attached 
to the Directorate of Hygiene, War Office. As 
Captain Plimmer he was directed to make a series 
of analyses of the commoner foodstuffs for the 
Army Medical Authorities. He worked for a time 
at the Royal Army Medical College, Millbank, but 
many of the analyses were done in his own labora- 
tory at University College and others at Aberdeen. 
This long and tedious work was not completed 
until 1921, when the results were published by 
H.M. Stationery Office under the title Analyses and 
Energy Values of Foods. 
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In 1919 Plimmer was appointed Head of the 
Biochemical Department of the Rowett Institute 
for Research in Animal Nutrition, Aberdeen. His 
old schoolfellow, John Q. Rowett, who had 
financed Sir Ernest Shackleton’s last Antarctic 
expedition, had contributed generously to the 
Institute at Aberdeen which name. 
Plimmer found it a great wrench to leave the de- 
partment he had built up at University College, 
but he had become interested in nutrition and 
vitamins by now, and he foresaw an opportunity to 


bears his 


conduct feeding experiments on a large scale at the 
Rowett Institute. 

At Aberdeen he began a series of investigations 
into the relative nutritional values of proteins 
which were later continued for many years at 
St Thomas’s Hospital, London. In 1921 he wrote 
articles for the Journal of the Society of Chemical 
Industry and Scientia on the relative values of 
proteins in nutrition, and gave a lecture at the 
Royal Institution. In the Biochemical Journal 
a note appeared on scurvy in pigs (1920; 14) and 
two papers, with J. L. Rosedale, on the rearing of 
chickens on the intensive system (1922; 16), also 
a paper on the enzymes in the alimentary canal of 
the chick (1922; 16). 

But Plimmer did not stay long at the Rowett 
Institute. He was not happy away from London, 
so when the Chair at St Thomas’s Hospital Medical 
School became vacant, he applied and was ap- 
pointed as Professor of Chemistry, a post he filled 
with distinction for twenty-one years. 

Plimmer commenced his duties at St Thomas’s in 
January 1922 and soon became popular with his 
students and colleagues. A successful teacher with 
long experience of medical students, he gave all the 
lectures on inorganic and organic chemistry for 
pre-clinical students, toxicology for clinical students 
and the Nightingale lectures in elementary science 
for nurses. He was also consulting chemist to the 
hospital. Chemical Physiology was still being 
taught in the Physiology Department and was not, 
at first, his responsibility. But later, when the 
2nd M.B. syllabus was changed, Biochemistry was 
added to his other duties. However, Plimmer throve 
on hard work, and in spite of his heavy teaching 
programme he found time to pursue his researches 
with enthusiastic vigour. In addition to his first 
love, the chemical analysis of proteins, he con- 
tinued the nutrition experiments begun at Aber- 
deen. Plimmer’s poultry farm on the flat roof of his 
department greatly intrigued his colleagues and 
frequently provided them with a delicious meal. 
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The results of these experiments were published in 
the Biochemical Journal over a period of years, 
culminating in a paper on the relative values of 
proteins (1934; Biochem. J. 28, 1863). 

Plimmer wrote many articles on diet and vita- 
and periodicals. 


mins for various 


Popular little books written by 


magazines 
Professor and 
Mrs Plimmer under various titles— What to Eat and 
Why, Vitamins and the Choice of Foods, Food, 
Health, Vitamins, Food Values at a Glance, ete. 
were in great demand and helped to make the 
public vitamin-conscious. He was in great demand 
as a public lecturer, for he had the gift of being 
able to present scientific knowledge to the layman 
in a simple, understandable manner. 

Protein analysis continued steadily and the Van 
Slyke amino-nitrogen apparatus was in constant 
use. Plimmer claimed that his particular apparatus 
was the first one to be set up in England during his 
University College days. It had, of course, under- 
gone so many repairs that it is doubtful if any of 
the original still existed. 

Plimmer synthesized phosphoric esters of a 
number of hydroxy-amino acids in order to com- 
pare their rates of hydrolysis by acids, alkalis and 
phosphatases. Some of his purely synthetic work 
was published in the Journal of the Chemical 
Society, especially that in which W. J. N. Burch 
collaborated, but the paper on the phosphoryl 
hydroxy-amino acids referred to above was 
published in 1941 in the Biochemical Journal, 
vol. 35, and was one of the last of Plimmer’s papers 
from St Thomas’s. 

The outbreak of war in 1939 meant the curtail- 
ment of research work in Plimmer’s department. 
The poultry farm on the roof had already been 
dispersed; laboratory work, which in peacetime 
had regularly gone on until 7.00 p.m. or later, was 
not now possible owing to blackout difficulties. 
Some of St Thomas’s students and about half the 
teaching staff were sent to Oxford in October 1939, 
but Plimmer, with a depleted staff, continued 
to teach elementary students in London until 
September 1940, when the Hospital suffered its 
first serious bomb damage. All students and staff 
were then evacuated to the Manor House, Godal- 


ming, where the nearby Charterhouse School 


laboratories were available during certain hours for 
St Thomas’s students. But very little research was 
possible until a hut was erected in the grounds 
of ‘Applegarth’, another house occupied by St 
Thomas’s. Here Plimmer and his staff completed 
some work on caseo-phosphopeptone, the results of 
23-2 
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which, together with the paper on phosphoric 
esters mentioned above, were published in 1941 
(Biochem. J. 35). In December 1942, having 
reached the age limit in the previous April, 
Plimmer retired from St Thomas’s after twenty-one 
years of outstanding service as a teacher, councillor 
and research worker. He was made an honorary 
consultant of St Thomas’s Hospital and in due 
course the title of Professor Emeritus of Chemistry 
was conferred upon him by the University of 
London. He paid a brief return visit to the Manor 
House, Godalming, in September 1943 on the 
occasion of a Biochemical Society meeting there. 
At a delightful little ceremony during that meeting, 
Sir Frederick Gowland Hopkins and Professor 
Robert Henry Aders Plimmer elected 
Honorary Members of the Society, which they had 
served so well. Plimmer outlived all other holders 
of the title; Haliburton, Harden, Hopkins and 
Martin all pre-deceased him. 

Plimmer still had many years of active work 
before him when he left St Thomas’s. He was not 
the type to remain idle; the very thought of in- 
activity was irksome. Within a few days of his 
leaving Godalming in December 1942, he was 
working in the Biochemistry Department of the 
Postgraduate Medical School, Hammersmith. The 
original intention was for him to remain for a few 
months, assisting Professor E. J. King during a 
staff shortage, but he continued there for more than 
twelve years, investigating analytical methods in 
clinical chemistry and publishing an occasional 
note in the Biochemical Journal. During most of 
this time he was in active charge of the Analytical 
Laboratory, which furnishes a routine service 
of biochemical investigation to Hammersmith 
Hospital. He was in daily touch with his clinical 
colleagues, and was always ready to discuss with 


were 


them the interpretation of biochemical results and 
the introduction of new procedures for the scientific 
investigation of disease. Many young house 
physicians and surgeons, and junior colleagues 
from the other pathological departments, are 
in his permanent debt for advice, guidance and 
help. 

The death of his wife in 1949 was a severe blow 
for Plimmer. Mrs Plimmer had helped and inspired 
him throughout their married life. Fortunately his 
eldest daughter and her family were at hand to 
comfort him. His grandchildren adored him and he 


them. They remained with him almost to the end of 


his life. 
Plimmer had many interests to occupy his few 
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hours of leisure. From the days of his youth he 
had been a keen motorist, having owned an early 
Panhard car in which he frequently toured the 
Continent during vacations with Rowett, Waller, 
Starling and other friends. At that time such tours 
could often be hazardous, usually unpredictable, 
but always exciting, as Plimmer’s snapshot album 
fully illustrated. He had a succession of cars of 
various makes in later years, all of which he tended 
with loving care and in which the family made 
many delightful tours during vacations. 

He enjoyed watching first-class cricket. As a 
boy he must have seen W. G. Grace and other 
stalwarts of that period on the old Crystal Palace 
ground. In later life he usually managed to see at 
least one Test Match of a series, at either Lord’s or 
the Oval. On one occasion, having motored up to 
Oxford for a Biochemical Meeting, Plimmer, and 
indeed many other members of the Society, found 
the Oxford v. Yorkshire match much more 
attractive than the programme of papers, and 
played truant like schoolboys. 

Plimmer was passionately fond of music. In his 
student days he had played the ’cello in an 
orchestra. With his stepfather, who was well known 
in the musical world, he visited the Salzburg and 
other musical festivals. To the end of his life 
Plimmer attended concerts almost weekly in the 
Albert Hall or the Royal Festival Hall, and he 
went to Glyndebourne annually. Art, literature, 
architecture—all interested him deeply, and he was 
a member of the Omar Khayyam Club. 

He was also a member of the Catalysts Club, for 
he enjoyed dining out with congenial companions. 
But above all he enjoyed entertaining his many 
friends and colleagues at his home. Those who were 
privileged to attend his delightfully informal 
luncheon or dinner parties found him the perfect 
host. He had long planned to give a party for his 
successors, but it proved difficult to get them all 
together in London and free from other engage- 
ments. It was not until one memorable evening in 
the spring of 1952 that the proud old professor was 
able to entertain at his table all those who had 
succeeded him in the Chairs at University College 
or St Thomas’s—Sir Jack Drummond, Professors 
F. G. Young, J. N. Davidson, L. Young and E. 
Baldwin. F. G. Young had held both chairs before 
going to Cambridge. It was a remarkable gathering 
of successors to one man, and what made it more 
remarkable still was the fact that nearly all those 
present had succeeded Plimmer as Honorary 
Secretary of the Biochemical Society. 
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A few months after that unique party the whole 
world was shocked by news of the brutal murder of 
Sir Jack Drummond and his family while on 
holiday in France. 

Plimmer continued to be a familiar figure at most 
Biochemical Meetings held in London. Latterly he 
did not attend many meetings outside London, 
though he had hoped to go to Brussels for the 
Third International Congress of Biochemistry. 

The Annual General Meeting of the Society in 
March 1955, held, as is now the custom, in Plimmer’s 
former department in the Institute of Physiology, 
University College, proved to be his last meeting. 
Obviously a sick man, though he would not admit 
it, he chatted with friends at tea, then dozed 
through several of the later papers and was most 
apologetic on waking, anxious not to be considered 
discourteous. He stayed to dinner after the meeting 
as an honoured guest in the College he had known so 
well for sixty years, first as an undergraduate, then 
as a member of the staff and a Fellow; and in which 
he had played the major part in founding the 
Biochemical Society. 


At the Memorial Service held in the Chapel of 


Hammersmith Hospital on 23 June 1955 a large 
congregation of Professor Plimmer’s friends and 
colleagues heard Dr C. H. Newman, Dean of the 
Postgraduate Medical School, pay the following 
moving tribute: 

We, at this Hospital and School, only knew Professor 


Plimmer during the later years of his life. He had done 
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very good scientific work before he came here—and 
scientific work, as I expect you know, depends really not so 
much on intelligence as on a curious faculty of insight, of 
seeing the relation of things and possible solutions of 
problems, followed by a lot of scrupulous, strictly meti- 
culous, honest work to prove your point. Professor 
Plimmer had those gifts of insight and of scrupulous 
honesty. While he was here one of the things that was most 
noticeable about him was his ability to make friends with 
young people. It is an endearing characteristic, and a 
valuable one: it is the only preventive of that chief terror 
ofoldage: loneliness. [suppose it depends on two faculties: a 
feeling of general friendliness and affection for one’s fellow- 
creatures, and, secondly, humility. In fact, a kind of dignified 
humility was one of Professor Plimmer’s most outstanding 
characteristics. He was also by no means a dull, single- 
minded scientist: he had a great appreciation of beauty—I 
think during his latter years, if ever there was music avail- 
able he never missed a concert on Wednesday evenings. 
From all these vision, honesty, 
friendliness to his fellow-creatures, humility and apprecia- 
tion, you might think I was talking about one of the saints 
of the Church—I’m not, I’m talking about Professor 
Plimmer. It is worth noting that in one of the most recent 
books on University Education the author stresses that all 
those qualities, which Universities set out to inculcate, are 
worth very little without some kind of faith, and if they do 
exist without it they exist very precariously and may 
disappear at any moment. I know nothing about Professor 
Plimmer’s personal religion, but of anybody who had those 


qualities: insight, 


qualities which I have just described it surely might be 
said that he must have had something underlying them for 
the example of which we must all be very grateful and 


thankful. 
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Phosphoarginine (PA) was first isolated from the 
muscle of fresh-water crabs by Meyerhof & 
Lohmann (1928), using a method which gave poor 
yields and which was difficult to reproduce (ef. 


Brown & Luck, 1932). In connexion with studies of 


to have ample supplies of PA, and attempts to 
obtain a product, in reasonable yield, by the 
method of Meyerhof & Lohmann (1928) proved 
unsuccessful. Some attempts were also made to 
effect a synthesis of the compound by phosphoryl- 
ation of arginine with POCI,. These were also un- 
successful, even though the g-amino group was 
‘protected’ by chelation with Cu. Attention was 
therefore directed towards isolation of the com- 
pound from natural sources, using methods which 
seemed likely to avoid adsorption losses and which 
were reasonably quantitative. 

This communication is concerned with a 
description of a simple and easily reproducible 
method which gives a pure product in good yield. 


the enzyme arginine phosphokinase it was necessary 


METHODS 


Estimation of arginine. Arginine was determined by the 
method described for creatine by Eggleton, Elsden & 
Gough (1943), with the modification that the amount of 
a-naphthol used was increased fivefold. 


EXPERIMENTAL 


Method of isolation 


Initial extraction and isolation procedure. Live crayfish 
(Jasus lalandii) in excellent condition were obtained from 
sea-water storage tanks; the tail muscle was dissected 
rapidly from the live animals, freed from chitinous material 
and dropped into liquid N,. Each specimen yielded about 
400 g. of muscle. When the muscle reached the temperature 
of liquid N, it was removed, placed in polythene bags and 
stored in solid CO, for transport to the laboratory. On 
arrival the muscle was again dropped into liquid N, to 
facilitate its subsequent fragmentation into a fine powder. 
Portions (100 g.) of this powdered material were then 
extracted for 2 min. in a Waring Blendor with 450 ml. of 


* Australian National University Research Scholar. 

{ Note added in proof. After this paper was written a 
much improved method for the estimation of arginine was 
developed. The method is described in detail by Rosenberg, 
In the Press). 


Ennor & Morrison (Biochem. J. 


July 1955) 


9% (w/v) trichloroacetic acid (TCA) and the product was 
filtered on a Biichner funnel (Whatman no. 531 filter 
paper). The filtrate was coilected in a flask containing 
sufficient 10N-NaOH to render it alkaline (>pH 9). The 
filter cake was re-extracted with 130 ml. of 5% (w/v) TCA 
and the suspension filtered; the two filtrates were combined 
and the filter cake was discarded. 

The entire frozen muscle was treated as above, the 
filtrates were combined and adjusted to pH 9-0 by the 
addition of 5N-HCl. Barium acetate (about 50 ml. of 1-0m) 
was then added until no further precipitation occurred, 
and the suspension of insoluble Ba salts was again brought 
to pH 9-0 by the addition of 5n-NaOH. The precipitate was 
allowed to settle overnight, when the bulk of the clear 
supernatant was removed by siphoning. The remainder 
was collected by centrifuging and the residue of Ba salts 
discarded. The soluble Ba salts (containing PA) were then 
precipitated by the addition of 3 vol. of 95% ethanol to the 
supernatant. Care was taken to ensure that the resultant 
suspension was adjusted to about pH 9 by the addition of 
n-NaOH. The precipitate was allowed to settle and the 
slightly opalescent supernatant was removed partially by 
siphoning and finally by centrifuging; it was then discarded. 
The precipitate of crude ‘water soluble—ethanol insoluble’ 
Ba salts was washed with ethanol and ether and dried in 
vacuo over CaCl,. All operations to this stage were carried 
out in the cold room at 2°. 

Precipitation of PA asa Cu salt. As this step involved the 
handling of bulky precipitates, it was found convenient to 
treat the crude Ba salts in 5 g. lots. A portion (5 g.) of the 
finely ground crude salts was transferred to a 250 ml. 
centrifuge pot, and 150 ml. of ice-cold water added with 
sufficient 5N-HCl (about 5 ml.) to effect solution. Con- 
siderable amounts of CO, were evolved at this stage. The 
solution was then adjusted to pH 9-0 by the addition of 
5n-NaOH and the precipitate (largely Ba phosphate) 
removed by centrifuging. The precipitate was suspended in 
a small volume of water (about 15 ml.) and again centri- 
fuged. The precipitate was discarded and the combined 
supernatants were filtered to give a light-brown solution. To 
this was added 6 ml. of CuCl, solution (50 g. dissolved in 
50 ml. of water). The solution was adjusted to pH 6-5 by 
the addition of 5nN-NaOH and the Cu precipitate thus formed 
collected by centrifuging. It is important to have the 
solution at pH 6-5 for this and subsequent Cu precipita- 
tions, since at this pH the Cu salt displays minimal 
solubility. Although the supernatants from subsequent 
precipitations were colourless and free from PA, the super- 
natant of the first precipitation was always blue and con- 
tained PA. This supernatant was treated with 1 ml. of 
CuCl, solution, adjusted to pH 6-5 by the addition of 
5N-NaOH and the small amount of precipitate collected by 
centrifuging. The precipitate was then suspended in water 
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and combined with the main Cu precipitate. The super- 
natant was discarded. The combined Cu precipitates were 
suspended in about 100 ml. of ice-cold water, 12 ml. of 
5Nn-HCl and 0-5 ml. of CuCl, solution added, and the 
mixture was shaken and immediately neutralized by the 
addition of 13 ml. of 5n-NaOH. The suspension was 
adjusted to pH 6-5 and centrifuged. This precipitation 
procedure was repeated until the supernatant was free 
from Ba?+, for which purpose five to seven precipitations 
were necessary. 

The Cu precipitate was then suspended in 50 ml. of 
water, cooled to 0°, and the suspension saturated with H,S 
in an ice bath. The CuS was removed by centrifuging in the 
cold, suspended in 25 ml. of water, saturated with H,S and 
centrifuged. The wash and original supernatant were 
combined, placed in an ice bath, adjusted to pH 6-6-5 and 
vigorously aerated to remove H,S, care being taken to 
maintain the pH between the limits given above. A small 
amount of activated charcoal was added, the mixture 
shaken and filtered to give a clear, colourless filtrate. 

Precipitation of PA as the hydrochloride. The filtrates 
from two 5g. lots treated as above were now combined, 
cooled to 0° and brought to pH 3-5 by the addition of 
5n-HCl. Ethanol (9 vol., at — 15°) was added slowly, with 
stirring, and the solution carefully adjusted to pH 5-0 by 
the addition of N-NaOH. Variation of this procedure is 
likely to give rise at this stage to an oil which, if formed, 
should be removed by centrifuging, quickly dried with 
ethanol and ether, redissolved in a small volume of water 
and precipitated as described above. Invariably, however, 
if the procedure described above is followed the addition of 
the ethanol produces an opalescent solution which, in 
2-3 min., gives rise to a fine precipitate which aggregates 
and settles rapidly. The precipitate of PA,HCl was collected 
by centrifuging at 0°. The supernatant was made alkaline 
(pH 9-0) by the addition of 5N-NaOH and an excess of Ba 
acetate (1-0m) added. The resultant precipitate of BaPA is 
not pure but may be added to the crude Ba salts for sub- 
sequent purification. The PA,HCI was dissolved in about 
60 ml. of water and the solution adjusted to about pH 7 by 
the addition of 5n-NaOH. The slightly opalescent solution 
was filtered, cooled to 0°, adjusted to pH 3-5 by the addi- 
tion of 5nN-HCl and 1-5 vol. of ethanol (at — 15°) added. 
The mixture was then adjusted to pH 5-0 by the addition of 
n-NaOH to reprecipitate the hydrochloride. After centri- 
fuging the last step was repeated, and the supernatants 
from this and the previous precipitation were treated with 
Ba acetate and ethanol at pH 9-0 as before. The Ba 
precipitates so obtained were added to the crude Ba salts. 

Precipitation of BaPA. The final precipitate of PA,HCl 
was dissolved in 40 ml. of water, 10 ml. of Ba acetate 
(10m) added, the solution adjusted to pH 9-0 by the 
addition of 5N-NaOH and cooled to 0°. No precipitate 
should form at this stage, but if one is present it should be 
removed by centrifuging. The solution was then adjusted 
to pH 8-2 by the addition of N-HCl and 4 vol. of ethanol 
added with stirring. This addition generally resulted in a 
fall of pH (to 7-7-5), but no further adjustment was made. 
The precipitate of BaPA was removed by centrifuging, 
washed with ethanol and ether and finally dried in air. 


Yields 


On the basis of analyses which were carried out on the 
various fractions (Table 1) it is apparent that the PA 
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present in the TCA extract of muscle is quantitatively 
recovered as crude Ba salts. The subsequent steps, i.e. 
preparation of the Cu salts and precipitation of the PA,HCI, 
while yielding a pure product (see below), involved a loss of 
about 46%. The greater part of the material lost in these 
steps can, however, be recovered as a crude Ba salt. The 
conversion of the PA,HCl into the Ba salt and its isolation 
were accomplished with only about a 10% loss, and the 
final yield represented 49% of the material originally 
present in the TCA extract. 


Table 1. Phosphoarginine content of various 
fractions from crayfish-muscle extract 


Weight of crayfish muscle, 1 kg. 





Phospho- 
arginine* 
Vol. content Purity 
or wt. (g.) (%) 
TCA extract 8950 ml. 20-2 — 
Crude Ba salts 48:3 g 19-7 41 
Phosphoarginine 6-8 g. 10-9 100 
hydrochloride 

Final product 9-8 g. 9-8 100 


(BaPA,H,CO,,H,O) 
* Phosphoarginine is expressed as BaPA,H,CO,,H,O. 


Table 2. Elementary analyses of phosphoarginine 
hydrochloride and the barium salt* 


Phosphoarginine Barium salt of 
hydrochloride phosphoarginine 
(C,H,;0;N,P.,HCl) (C,H,,0,N,PBa,H,O) 


Element or - 
Cale. 


compound Found Cale. Found 
C —- 18-0 13-9 
H - 3-9 3-6 
N 19-2 19-2 12-0 12-0 
Ba -— 28-3 29-2 
Pp 10-7 10-7 6-5 6-6 
Arginine 59-8 60-0 36-7 37-2 
Ash (Ba,P,0,) - 48-3 48-0 
H,O 4-0 3-9 


* Analyses for C, H and H,O by Drs Weiler and Strauss, 
Oxford, and Professor A. J. Birch, University of Sydney. 


Identification and analysis 


The presence of arginine in the compound was confirmed 
by preparation of the picrolonate and flavianate from 
material hydrolysed in N-HCl for 10 min. at 100°. A com- 
parison of the melting points of the products with those 
prepared from an authentic sample of arginine HCl is 
shown below (all the substances melted with decompo- 


sition): 

Picrolonate 236° =Flavianate 264° 
Arginine picrolonate 237° Arginine flavianate 264° 
Mixed sample 235° Mixed sample 264° 


The preparation was chromatographed both before and 
after hydrolysis. It contained no guanidine derivative (as 
determined by spraying with «-naphthol-diacetyl or 
Sakaguchi reagents) or amino acids (ninhydrin reaction) 
other than arginine. 

The identity of the hydrochloride and the Ba salt has 
been confirmed by analysis (‘Table 2). 
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It was not possible (Weiler & Strauss, personal communi- 
cation) to obtain an analysis for CO,, but because of the 
analytical data and the fact that the compound effervesced 
on the addition of HCl with the production of CO, the 
formula C,H,,0;N,PBa,H,CO,,H,O is suggested for the 
Ba salt. 


DISCUSSION 


The method described was evolved to avoid the 
numerous precipitations of Ba?+ or SO,?- as 
BaSO, which characterize the method of Meyerhof 
& Lohmann (1928) and are probably responsible 
for the low yields achieved by these workers 
(0-3-0-4 g./kg. of fresh material). The Cu salt of 
phosphoarginine is much less dissociated at pH 6-5 
than is the Ba salt, which gives a strongly positive 
rhodizonie acid test regardless of the pH. These 
properties thus permitted the conversion of the 
Ba salt into the Cu salt with only small losses of 
phosphoarginine, for the supernatants from each 
successive Cu precipitation contained only traces 
of phosphoarginine and large amounts of Ba?+. 
Phosphoarginine was precipitated as the hydro- 
chloride to enable the final precipitation of the Ba 
salt to be accomplished directly. This procedure 
avoided the complications which characterize the 
method of Meyerhof & Lohmann (1928), which 
involved formation of the Ba salt from (PA),,H,SO,. 
Although the final yield (about 10 g./kg. of muscle 
= 49% of that originally present) is good, appreci- 
able losses are incurred as a result of the several 
precipitations of the Cu salt and the hydrochloride ; 
these may, to a large extent, be avoided by the 
addition of Ba acetate and ethanol to the super- 
natants. The product so obtained may be repro- 
cessed with another sample of crude Ba salts at a 
later stage. 

The method has consistently yielded a product 
having the formula C,;H,,O,N,PBa,H,O. This 
formula may be compared with that of Meyerhof & 
Lohmann’s (1928) product, i.e. 

(C;H,,0;N,P),.Ba,2H,O. 
The close agreement of the analytical data with 
the theoretical figures leaves little room for doubt 
as to the structure of the compound. Similarly, 
the analytical results obtained by Meyerhof & 
Lohmann (1928) suggest the formula which these 
workers have assigned to their product. From their 
electrotitrimetric data, Meyerhof & Lohmann 
(1928) claimed that the second —OH group of the 
phosphoric acid moiety was responsible for the 
maximum buffer activity at pH 9-5. It would 
therefore be expected that a Ba:phosphoarginine 
ratio of 1:2 when the Ba 
salt was precipitated at neutral pH. Kumler & 


would be obtained 


Eiler (1943), however, have criticized Meyerhof & 
Lohmann’s (1928) interpretation of the data and 
have suggested that the pK values of 4-5 and 9-6 
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be assigned to the second —OH of phosphoric acid 
and the «a-amino group of phosphoarginine re- 
spectively. On the basis of this more modern inter- 
pretation the second —-OH group of phosphoric acid 
will be completely dissociated at pH 6 and above, 
and therefore a Ba salt with a Ba:phosphoarginine 
ratio=1:1 must be obtained. The ability of 
phosphoarginine to form a monobarium salt may 
be compared with that of phosphocreatine. Thus 
Kumler & Eiler (1943) have ascribed the value of 
4-5 to the second —OH of the phosphoric acid 
moiety, and phosphocreatine, as would be ex- 
pected, forms a disodium or a monocalcium salt 
(Ennor & Stocken, 1948; Fiske & Subbarow, 
1929). 

The presence of H,CO, in the molecule can also 
be explained on the basis of the electrotitrimetric 
data of Meyerhof & Lohmann (1928). Thus con- 
sideration of the pK values of the ionizing groups 
of phosphoarginine suggests that at pH 7 BaPA 
will possess one unneutralized positive charge, as 
shown by the ionic structure (Fig. 1). 


H 0 
| | 
N—P—o- 

J | 

H.N=C O- Ba? 
N—H 
[CH]; 
eae 
C—o- 
| 
O 
Fig. | 


Neutralization of the molecule then demands an 
acid radical which is supplied presumably by the 
absorption of CO, during the precipitation pro- 
cedure. At pH 7 dissolved CO, is present only as 
HCO, , which is responsible for the neutralization 
of the positive charge on the guanidine nucleus. 
The compound isolated is therefore BaPA_ bi- 
carbonate. In this case no analogy can be drawn 
from the behaviour of phosphocreatine, which does 
not absorb CO, (Ennor & Stocken, 1948), because 
at pH 7 the net anionic charge on phosphocreatine 
is balanced by one Ba?+ or Ca?* ion. 

In view of this evidence it is not possible to 
suggest an explanation for the formula advanced 
by Meyerhof & Lohmann (1928). 

Initially it was believed that for use in enzymic 
experiments the isolation of phosphoarginine as 
a compound other than the Ba salt would be 
advantageous. The hydrochloride has been ob- 
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tained in the crystalline state (needles), but is 
unstable even in the dry condition; the Na and K 
salts have been isolated but are extremely hygro- 
scopic and therefore of little value; the Li salt is 
quite stable, but was difficult to prepare in good 
yield and could not be crystallized. However, it 
has been found that the Ba may be removed from 
BaPA by the addition of Na,SO, and that after 
several washings of the BaSO, a quantitative 
recovery of the phosphoarginine may be obtained. 


SUMMARY 


1. A method is described for the isolation in 
good yield (10 g./kg.) of phosphoarginine from the 
muscle of crayfish. 
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2. The compound was isolated as a barium salt, 
free from contaminating material and correspond- 
ing to the formula C,H,,0;N,PBa,H,CO,,H,O. 
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Urinary Excretion of Amino Acids by Men Absorbing Heavy Metals 
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The paper describes an investigation of the urinary 
amino acids of industrial workers exposed to the 
metals lead, mercury, uranium and cadmium, and 
forms part of a study of specific biochemical lesions 
arising from absorption of these metals. An in- 
creased urinary amino acid excretion could arise 
either through disturbed intermediary metabolism 
with raised plasma levels or by impaired re- 
absorption in the renal tubular cells, and it was 
evident that the occurrence of amino aciduria 
would be important for an investigation of the 
toxic effects of these metals. 

Much evidence has been accumulated over many 
years to show that kidney tissue is particularly 
susceptible to injury by heavy metals. Aub, 
Fairhall, Minot & Reznikoff (1926) reviewed the 
early work on gross renal damage by lead, and 
more recently the histological findings of Blackman 
(1936) and Wachstein (1949) together with glyco- 
suria (McKhann, 1926; Zak & Finkelstein, 1952; 
Giamattasio, Bedo & Pirozzi, 1952; Millichap, 
Llewellin & Roxburgh, 1952) have located the 
injury in the proximal convoluted tubular epi- 
thelium. Further evidence for proximal tubular 
damage was supplied by Wilson, Thomson & Dent 
(1953) and Marsden & Wilson (1955), who were the 
first to record abnormal urinary amino acid patterns 
{vidence of similar 


in lead-poisoned children. 
damage by inorganic mercury was brought forward 
by Edwards (1942) and by Hepler & Simonds 
(1946). The toxicity of organic mercurials was well 
known, since blockage of sodium reabsorption 
formed the basis for their use as diuretics. 
kidney damage in experimental uranium poisoning 


Gross 


has been described by MacNider (1924). Laake 
(1945) has reported proteinuria and glycosuria, and 
Dounce (1949) suggested that cellular breakdown in 
the kidney was responsible for the presence of 
phosphatasuria (Breedis, Flory & Firth, 1943) and 
catalasuria (Dounce, Roberts & Wills, 1949). 
Raised urinary amino-nitrogen with concomitant 
normal plasma levels were recorded by Rothstein & 
Berke (1949) in animals suffering from severe 
uranium poisoning. Renal injury by cadmium has 
been described in animal experiments by Schwartze 
& Alsberg (1923), Prodan (1932) and Pancheri 
(1937). The only data relating to the human kidney 
were those of Friberg (1950), who found evidence of 
decreased renal efficiency in Swedish accumulator 
workers exposed to cadmium oxide dust. 

The subjects of the present study showed no 
clinical evidence of renal disease. There were large 
increases of urinary amino-nitrogen in cadmium 
workers, with less profound changes in workmen 
absorbing lead, mercury and uranium. Character- 
istic amino acid patterns have been observed, in 
particular, marked increase of the hydroxy amino 
acids, threonine and serine, associated with intake 
of cadmium and to a less extent of uranium. 


—X PERIMENTAL 
Materials 
The urinary specimens studied were entirely from men in 
industry and consisted of single specimens from each of 
fifty men in a light-engineering factory, and specimens 
from men variously exposed to lead, mercury, uranium and 


cadmium. 
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All fifty men in the light-engineering factory satisfied the 
following criteria as controls for this study: there was no 
past or present exposure; ages, and incomes (a rough guide 
to diet) were within the range of the heavy-metal workers 
and their work was similar with regard to the degree of 
physical exertion. Single specimens were collected from 
each of thirty-eight of the workmen at various times of the 
day, 3 months before examination of the heavy-metal 
workers. Rigorous controls were provided by the remain- 
ing twelve men, from whom urinary specimens were 
collected at the same time of the day (9 a.m.) and season of 
the year (January—March) as for the exposed workers. The 
specimens were collected directly in Pyrex bottles and 
preserved at 4° with a few crystals of thymol. 

The lead workers were drawn from three different 
industries: a lead-accumulator factory where intake was 
mainly through inhalation of lead oxide dust; a smelting 
works in which the smelters were exposed to lead fume; and 
a lead chromate factory where the hazard consisted of 
acidic and basic lead chromates together with smaller 
quantities of lead oxide, nitrate and sulphate. 

The mercury-containing specimens were in two groups; 
six were chosen from workers engaged in the repair of d.c. 
meters and exposed to mercury vapour, and four other 
specimens were from workmen inhaling organic mercurial 
compounds whilst manufacturing insecticides. 

The eighteen uranium specimens were collected from 
men exposed to a gaseous compound of the metal. Ten of 
these specimens related to workmen currently exposed, 
and two specimens were from workers last exposed some 
9 months before this study was made. In addition, there 
were six specimens from individuals who exhibited varying 
grades of proteinuria during the 3 months period before 
collection of the specimen. 

Twelve workmen exposed to cadmium oxide dust in the 
alkaline-accumulator industry were selected from various 
parts of the factory known to present different degrees of 
hazard. 


Methods 


Creatinine was determined in all urines and also quali- 
tative tests were carried out for reducing sugars, protein 
and bile pigments. 

Creatinine. Creatinine was measured by the alkaline- 
picrate method of Bonsnes & Taussky (1945) and also by 
the procedure employing adsorption on Lloyd’s reagent 
(Owen, Iggo, Scandrett & Stewart (1954). 

Reducing sugars were detected by Benedict’s qualitative 
reagent. 

Protein. Trichloroacetic acid (25% w/v) (2 ml.) was 
added to 2 ml. of urine which had been filtered until clear. 
A just perceptible opalescence was recorded as trace (tr.), 
a definite opacity as positive (+) and a precipitate as 
strongly positive (+ +). 

Bile pigments. After adsorption on a BaSO, precipitate, 
bile pigments were detected by the addition of Fouchet’s 
reagent (1% w/v FeCl, in 25% w/v aqueous trichloro- 
acetic acid). 

The urinary concentration of the heavy metal consti- 
tuting the hazard in each case was determined. Lead and 
were measured on the control 


cadmium concentrations 


series. 

Lead. The method employed was a dithizone procedure 
(Kench, 1940) modified as follows. The acid digest of the 
dithiocarbamates, after addition of 0-2 ml. of acetic acid, 
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was brought to pH 6 (yellow to phenol red) with ammonia 
and 2 ml. of 10% (w/v) KCN added. The solution was then 
rendered just alkaline with ammonia, the lead extracted 
into 15 ml. of CCl, by repeated shaking in the presence of 
slight excess of ammoniacal dithizone solution, and the 
optical density of the solution measured at 530 muy. in a 
Unicam quartz spectrophotometer SP. 500. 

By addition of KCN to the digest at pH 6, losses of lead 
in the subsequent dithizone extraction due to occasional 
high pH of the cyanide were avoided. At 530 my. the 
optical density of the lead dithizonate was maximal and 
that of the yellow dithizone oxidation product minimal. 
Consequently, the final 1% KCN wash of the lead dithi- 
zonate in CCl,, originally described, could be dispensed 
with. 

Thallium was the only metal found to interfere with 
recovery of urinary lead by this procedure and this metal 
was not encountered in this study. The reagent blank was 
2g. and the range of normal lead up to 100 yg./l. 

Mercury. The procedure consisted of acid-permanganate 
oxidation followed by extraction of mercury as dithizonate 
from its acid digest at approximately pH 1 (Hubbard, 
1940; Milton & Hoskins, 1947; Varley, 1954). - Optical 
densities of the CHCl, extract were measured at 490 and 
600 my. in the spectrophotometer. The optical density of 
the mercury dithizonate FZ, .,,, (490 my.) was corrected for 
the absorption at that wavelength of excess of dithizone by 
the expression 
Ey om, (490 mu.) (corr.) = Fy on, (490 my.) (obs.) 

—0-23E (600 my.) (obs.). 


Uranium. Uranium in urine was measured by the 
fluorophotometric method of Bloor, as modified by Bloor & 
Neuman (1949). 

Cadmium. Cadmium was extracted as dithizonate from 
strongly alkaline solution containing KCN and measured 
as dithizonate in CHCl, at 506 my. in the spectrophoto- 
meter (Smith, Kench & Lane, 1955). 

Separation of free amino acids from urine. Amino acids 
are present in urine both in free and bound forms, and the 
latter may account for 66% of the total urinary amino- 
nitrogen (Stein, 1953). Since the excretory mechanism for 
these bound compounds is not known, it is important to 
measure only amino acids that have been excreted in the 
free form. Some of the bound forms are labile to heat, and 
that of glutamic acid will break down even when stored at 
4° to liberate the free amino acid. It is thus imperative to 
avoid procedures which involve raising the temperature of 
the urine. It is probable that the normal urinary amino- 
nitrogen value of 147 mg./l. obtained by the gasometric 
ninhydrin—CO, method (Van Slyke, Macfayden & Hamilton, 
1943) was too high since it involved heating the urine to 
100°. The mild conditions necessary for the isolation of 
free amino acids seemed best obtainable by the use of a 
sulphonated ion-exchange resin. 

A column 6 cm. x 0-4 em.? of sulphonated ion-exchange 
resin Zeo-Karb 225 (mesh size 40/70, 44% cross-linked), 
suitably supported by glass wool, was contained in a 10 ml. 
burette. A portion (5 ml.) of the urine specimen was 
added at the rate of 1 ml./30 min. to the resin prepared in 
the hydrogen cycle. A narrow dark-coloured band formed 
on the column owing to adsorption of pigments, including 
urochrome. Distilled water (50 ml.) was next passed down 
the column at a flow rate 1 ml./2 min. to remove any 
residual anions, organic acids and non-ionized compounds, 
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e.g. Sugars. Amino acids retained by the column were now 
removed by a modification of the ammonia-displacement 
method of Partridge & Westall (1949). Ammonia (sp.gr. 
0-880) was passed down the column at a rate of 1 ml./hr. 
The urochrome and amino acids were thereby displaced 
down the column together as a narrow dark-coloured band 
and their point of emergence was immediately apparent 
from the yellow colour of the urochrome. The effluent was 
collected in approximately 1 ml. fractions. The use of 
concentrated ammonia as displacing medium resulted in a 
five- to eight-fold concentration of free urinary amino acids 
and prevented chromatography on the column, which would 
have led to an alteration in the urinary amino acid pattern. 

The effluent solution from the ion-exchange column was 
found to contain, besides free amino acids, urochrome, 
ammonia and smal] quantities of urea and peptides. The 
peptides were invariably detectable as blue spots with 
ninhydrin on the two-dimensional paper chromatogram to 
be described. Three spots were usually present with low R, 
values in both solvents and could be dispersed by previous 
acid hydrolysis of the eluate from the column. The total 
ninhydrin colour formed by these peptides on the paper 
was always less than 5% of the total colour yield of the 
amino acids. The contribution from this source to the total 
amino-nitrogen in the fractions from the column was 
probably similar in magnitude. 

Some hydrolysis of glutamine to glutamic acid took 
place on the ion-exchange resin. The extent of the con- 
version was measured for different quantities of glutamine 
added to the column, and was found to be constant for a 
given size of column and volume of urine added. When 5 ml. 
of urine were added to a column 6 em. x 0-4 em.?*, 364+1% 
of the glutamine present was hydrolysed to glutamic acid. 
Glutarnine and glutamic acid values have been corrected 
for this conversion on the ion-exchange column. 

Great care was taken to avoid overloading the column 
as the concentrations of basic amino acids—lysine, histi- 
dine and methylhistidine—were then increased at the 
expense of glutamic acid, alanine and serine. This change in 
pattern was easily recognizable on a developed paper 
chromatogram and served as a useful check against over- 
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loading. No overloading occurred when the volume of 
urine added to a 6 em. x 0-4 cm.? column was 5 ml. or less. 

Urinary constituents which interfered with the flow of 
amino acids in paper partition chromatography were 
removed completely or very much reduced in concentra- 
tion by the ion-exchange separation. The solution could 
then be used for both total amino-nitrogen determination 
and for quantitative measurements of the amino acid 
chromatographic pattern. 

Determination of total free amino-nitrogen. Amino acids in 
the fractions from the column were detected by a simple 
ninhydrin test on 2-5yl. portions. Usually all the amino 
acids appeared in the early yellow-coloured fractions, the 
first of these containing 80% of the total amino-nitrogen. 
The volume of these fractions was measured with an 
accuracy of +0-005 ml. in a graduated pipette before a 
50 pl. portion was removed for analysis. For determination 
of a-amino-nitrogen in these portions the ninhydrin (tri- 
oxohydrindene hydrate) colorimetric procedure of Cocking 
& Yemm (1954) was followed. Owing to the presence of 
hydrindantin, the reduced form of ninhydrin, this method 
was particularly sensitive to free ammonia, and before the 
amino-nitrogen in the fractions from the column could be 
measured complete removal of ammonia was obligatory. 


Recovery of added glycine—histidine from 
columns of Zeo-Karb 2 


Table 1. 





Ail amino acid values are expressed as mg. of amino- 
nitrogen/I. of urine. 


Glycine— Amount 





histidine Total of added 
added to amino-N amino-N Recovery 
urine in sample recovered (%) 
0 61-5 _- — 

50 110 8-5 97 
100 162 100-5 100-5 
150 211 149-5 99-5 
200 263 201-5 101 
250 314 252-3 101 
300 359 297-5 99 


Table 2. Six independent analyses of the amino acid content of the same urinary specimen 


All data are expressed as mg. of amino-nitrogen/g. 








of creatinine. 


Standard Standard 

Specimen 1 2 3 5 6 Mean deviation error 
Glutamie acid <0-4 0-4 <0-4 <0-4 <0-4 <O0-4 <0-4 

Lysine 2-56 3-42 2-46 2-63 2-04 2-53 2-61 0-45 0-21 
Asparagine 5-91 5°35 4-96 5°35 4-10 5-50 5-18 0-62 0-30 
Glutamine 11-62 11-15 11-50 11-53 10-23 11-09 11-19 0-38 o-18 
Histidine 7-31 8-30 8-30 8-95 7-05 7-50 7-90 0-68 0-34 
Glycine 28-80 23-80 22-0 25-60 23-70 23-40 23-85 0-91 0-45 
Methylhistidine 2-08 2-76 2-48 2-94 2-71 2-21 2-53 0-31 0-16 
Alanine* 7:16 10-10 715 7-70 7-60 8-80 8-08 1-05 0-52 
Serine 6-44 6-71 6-36 7-00 6-81 7-44 6-79 0-42 0-20 
Proline 1-60 2-70 1-61 1-50 1-45 2-27 1-86 0-47 0-23 
Tyrosine 2-05 1-91 1-99 1-96 2-14 2-21 2-02 0-30 0-14 
Valine 0-72 0-79 0-48 0:37 1-05 0-77 0-70 0-38 0-19 
Leucine 0-93 0-92 0-78 0-41 1-69 0-67 0-88 0-40 0-19 
Phenylalanine 1-33 0-51 0-86 0-36 1-24 <0-39 <0-86 <0-38 0-19 
Threonine 2-94 2-22 3-33 2-40 3-14 3-12 2-36 0-40 0-19 
Tryptophan 1-77 1-18 2-2 1-96 2-12 2-37 1-94 0-38 0-19 
Cystine 0-96 1-16 0-79 0-96 0-97 1-05 0-98 0-27 0-13 
Total amino-nitrogen 79-0 81-6 77-4 80-7 79-3 79-8 79-3 1-60 0-78 


* Uncorrected for the presence of B-aminoisobutyric acid, 
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The 50 ul. portion from each fraction was added to 5 ml. 
of absolute ethanol. After the temperature had been raised 
to the boiling point, a stream of air was passed through for 
2 min. The tube was cooled, any loss of volume corrected, 
1 ml. transferred to a second test tube and evaporated 
down to approximately 0-1 ml. The amino-nitrogen was 
then determined by the method of Cocking & Yemm (1954). 

Complete removal of ammonia was established by the 
following observations. The colour yield from ammoniacal 
amino acid solutions was similar to that from pure amino 
acids and samples from an effluent fraction which con- 
tained no amino-nitrogen were equal in colour to the 
distilled-water blank. As anions were absent, the necessity 
to raise the pH for removal of ammonia did not arise. 

Twelve fractions could conveniently be measured simul- 
taneously, accurate results being assured by checking the 
ninhydrin colour yield in each batch against a standard 
curve prepared by using a 1:1 mixture of glycine and 
histidine. 

Table 1 gives the recoveries of amino-nitrogen by this 
method when different amounts of added glycine-histidine 
mixture (1:1) were run on six Zeo-Karb 225 columns. The 
total amino-nitrogen values presented in Table 2 are the 
results of six independent determinations on a single 
specimen of urine to which no amino acid had been added. 

Paper-chromatographic separation of amino acids present 
in fractions collected from the ion-exchange column. On 
account of the large number of analyses in this study, a 
rapid, efficient means of separating amino acids was 
required. The two-dimensional paper chromatographic 
method described by Redfield (1953) appeared most 
suitable. By carrying out the second solvent run at a 
raised temperature some twenty different amino acids 
could be separated on 18x18cm. papers with a total 
solvent-development time of only 7 hr. 

Interfering substances in the chromatographic paper 
which cause amino acid losses (Thompson & Steward, 
1951) were effectively removed by washing the papers for 
24 hr. in running tap water. This was achieved by placing 
some 6-8 papers in a sink of slightly larger cross-section. 
The tap water was maintained at a level of about 4 in. by 
a constant-head device and the flow adjusted so that the 
papers were kept suspended in the water without folding. 
After being carefully removed from the sink, each paper 
was gripped by two glass rods held by rubber bands and 





suspended in air until dry. 

Portions containing 5 and 10 yg. of amino-nitrogen were 
taken from the most concentrated fraction and added to 
the washed 18 x 18 cm. squares of Whatman no. | filter 
paper to give a spot of diameter less than 0-5cm. A 
maximum of nine papers were affixed to a frame essentially 
similar to that described by Datta, Dent & Harris (1950). 
The frame was suspended in the chromatographic tank of 
size 28 x 20 x 25 em. for 1 hr. before commencing the solvent 
run. The time of development in the first solvent (methanol-— 
water—pyridine, 80:20:4 by vol.) was 24-3 hr. and in the 
second solvent (ethyl methyl ketone-(ert.-butanol—-water- 
diethylamine, 40:40:20:4 by vol.) 34-4 hr. at a temper- 
ature of 37°. 

Measurement of individual amino acids on paper chro- 
matograms. The two-dimensional chromatography described 
above separated very small quantities of amino acids 
(0-1-1-0 zg. of amino-nitrogen in each spot), for measure- 
ment of which many methods could not be applied, 
(Block, 1950; Boisonnas, 1950; Fowden, 1951). The only 
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satisfactory procedure involved a reproducible ninhydrin 
reaction on the paper, followed by eluiion and measure- 
ment of the coloured product. The effects on this reaction 
of heat, moisture and atmospheric oxidation have been 
described (Fowden & Penney, 1950; Novellie, 1950; Brush, 
Boutwell & Barton, 1951; Thompson, Steward & Zacharius, 
1951). A modification of the reagent described by Moore 
& Stein (1948) was found to be most suitable. The use of 
hydrindantin was involved and all traces of ammonia and 
diethylamine, therefore, had first to be removed from the 
paper. 

The following procedure was adopted. After the second 
solvent run, the papers were allowed to stand in air until 
dry. The papers were washed with dry ether and each 
paper was then exposed to an atmosphere of dry steam for 
10 min. 

Ninhydrin reagent was prepared as follows: SnCl,,2H,O 
(0-160 g.) was dissolved in 200 ml. of 0-2 citric acid 
buffer, pH 5. To 10 ml. of this solution, 1 g. of ninhydrin 
was added and the volume brought to 100 ml. with iso- 
propanol. Continuous shaking for 1 hr. was required to 
obtain a clear solution which was sufficient for the treat- 
ment of nine chromatograms. On account of the high 
sensitivity of the solution to atmospheric N Hg, the solution 
was prepared just before use. 

The reagent was poured into a shallow porcelain bath 
and the steamed papers were dipped into it. The papers 
were immediately rolled into a cylindrical form and placed 
in a reaction vessel. This consisted of a gas-jar 30 x 8 em. 
fitted with a perforated stopper, through which was passed 
a narrow glass inlet tube. Nitrogen saturated with 90% 
isopropanol was passed through the glass tube into the 
vessel for 2 min. and afterwards the vessel was placed in a 
hot-air oven at 90-95° for 20 min., after which time the 
reaction was complete. 

All amino acids yielded blue spots, with the exception of 
histidine and methylhistidine, which gave a grey-blue 
colour, and cystine, which was decomposed during chro- 
matography. The developed papers could be allowed to 
stand for 24 hr., but longer periods than this resulted 
in a rapidly increasing background coloration, rendering 
accurate spot analysis impossible. 

The ninhydrin spots, along with a blank section, were 
cut out from each paper and weighed to the nearest mg. 
The papers were handled with forceps on account of the 
ninhydrin still present. Each paper spot was cut into small 
pieces, transferred to appropriate test tubes, and 3 ml. of 
50% aqueous ethanol were added. The test tubes were 
shaken mechanically for 20 min. The suspended paper lint 
was removed from the coloured extract by centrifuging for 
10 min. The optical density was measured at 570 my. in 
the spectrophotometer against the solvent ethanol—water 
(50:50, v/v). The background correction for each spot was 
calculated from its weight and the optical density for the 
blank section of the paper.The accuracy of such corrections 
was dependent upon an even background colour on the 
paper. 

Figs. 1 and 2 are graphs in which the optical density of 
the eluate solution of each spot is plotted agaist the 
amount of the corresponding amino acid originally added 
to the paper chromatogram. The gradient gives the colour 
yield per unit weight of amino acid and shows a lower value 
for histidine (Fig. 2) than for the unsubstituted mono- 
amino-monocarboxylic acid glycine (Fig. 1). Tryptophan 
also showed a lower colour yield than glycine, whilst higher 
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values were found for arginine and lysine. By measuring in 
this way the colour yields [Fy o,, (570 mu.)/ug. amino- 
nitrogen] of all amino acids encountered in urine, it was 
possible to calculate accurately the percentage of each 
amino acid in the original portion of the fraction from the 
ion-exchange resin. Separate procedures had to be adopted 
for cystine and B-aminoisobutyric acid. 


030 


0:20 


2 
pe 
o 


Optical density of coloured 
product E,.,,. 570 mu. 





0 01 02 03 04 05 06 07 08 
Glycine added to chromatogram 
(ug. of amino-nitrogen) 

Fig. 1. Colour yield from glycine separated on a paper 
chromatogram, after reaction with a 1% (w/v) solution 
of ninhydrin in 90% (v/v) isopropanol containing SnCl, 
and 0-2m citric acid buffer, pH 5. 
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Fig. 2. Colour yield from histidine separated on a paper 
chromatogram, after reaction with a 1% (w/v) solution 
of ninhydrin in 90% (v/v) isopropanol containing SnCl, 
and 0-2 citric acid buffer, pH 5. Owing to incomplete 
separation on the two-dimensional chromatogram, some 
histidine is eluted with the glycine spot, and this 
accounts for the intercept of the histidine line on the 
abscissa. 


Cystine. Cystine underwent decomposition in the two- 
dimensional solvent system employed in this work, to give 
a diffuse yellow spot with the ninhydrin reagent. However, 
its oxidation product, cysteic acid, which gave a satisfactory 
colour with ninhydrin, could be separated from other 
urinary amino acids by a one-dimensional solvent system 
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containing n-propanol and aqueous 0-1N-HCI (4:1, v/v). 
To oxidize cystine to cysteic acid in a portion of the eluate 
from the ion-exchange column containing 10 ug. of amino- 
nitrogen, 30ul. of 100 vol. H,O, was required. The one- 
dimensional chromatogram was standardized with known 
quantities of evstine and lysine, which was also separated as 
a distinct spot. By utilizing lysine as an internal standard 
in this system, and knowing the relative quantity of lysine 
from the two-dimensional chromatogram, a satisfactory 
determination of urinary cystine could be achieved. 
B-Aminoisobutyric acid. B-Aminoisobutyric acid and 
alanine travel together as one spot in the two-dimensional 
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solvent system. The separation of B-aminoisobutyric acid 
from other urinary amino acids was effected by a one- 
dimensional system, using n-butanol equilibrated with 
10% aqueous acetic acid as the ascending developing 
solvent. Tyrosine also appeared as a separate spot and thus 
offered the opportunity of measuring 8-aminoisobutyric acid 
by using tyrosine as a reference standard. This separation 
was worked out only in the later stages of the investigation 
and the alanine values presented here include B-aminoiso- 
butyric acid. The evidence so far available suggests that 
the normal urinary excretion of B-amino/sobutyric acid is 
intermediate in value between those of leucine and tyrosine. 


Table 4. Amino acid content of urinary specimens from workers exposed to lead 


Specimens marked F were from lead smelters and those marked P from a lead-accumulator factory. All amino acid data 








are expressed as mg. of amino-nitrogen/g. of creatinine. 
Specimen F, F, F; F, F, F, F, F, P, P, Ps P, 
Glutamic acid <0-6 3-6 35 = <O0-4 2-2 0-8 0-9 2-2 4-6* 3-1 7-0* 4-6* 
Lysine 8-2* 5-6 3-1 3-8 2-4 1g 0-8 1-2 2-5 4-7 3-1 3-1 
Asparagine <0-6 <0-6 8-2* <0-4 <0°3 <0-2 3-9 <0-2 <O0°5 <O0°5 5-9* <0-4 
Glutamine 78 113 = 13°8 5-2 82 105 6-2 64 15-7 11-2 7-7 9-7 
Histidine <06 116 115 6-2 3-5 3-6 2-9 2-4 6-8 7:7 4-4 yi | 
Glycine 36-0* 25:3 21:1 32-8* 13:4 124 11-9 8-7 32-2* 29:0 246 23-4 
Methylhistidine 9-0* 77* 72% 39 4-8 2-6 2-7 1-8 3-6 4-5 54* 4-7 
Alaninet 17-2* 13-9* 11-2* 9-2 4-6 5-6 3-9 48 12:3* 10-5* 17-5* 14-6* 
Serine 9-8* 8-1* 6-1 a9 4-1 4-5 3-1 2-9 10-5* 9-6* 8-9* 7:3 
Proline <06 <06 <05 <04 <03 1-3 1-4 18 <05 2°7 17 <0-4 
Tyrosine 56* 3-7* 45* 3-4 0-9 2-5 1-5 0-8 4:-2* 4-0* 2 2-5 
Valine 8-9* 2-9* 2-] 1-6 0-3 1-1 1-3 1-2 23* 2-2 1-6 0-8 
Leucine <0-6 2-2 12 <04 <03 <0-2 13 <0-2 <05 3-2 19 <0-4 
Phenylalanine <06 <06 <05 <04 <03 <0-2 <0-2 <02 <05 27 <05 <0-4 
Threonine 8-1* 7:9* 46* 3-1 1-6 4-4 2-1 1-7 2-9 3-2 1-5 4-8* 
Tryptophan <0-6 54* 13 <0-4 <03 <0-2 14 <0-2 0-4 22 <05 <0-4 
Cystine 1-1 1:6* <05 <04 <03 0-6 05 <0-2 1-2 L-: 12 <04 
Total amino-nitrogen 111* 109* 91* 75 53-6 49-7 39-1 35-6 104* 97-8* 93-2* 82-5 
Lead (g./I.) 134 160 124 52 165 120 165 75 170 120 290 280 

* Abnormally raised values P =0-003. 

+ Uncorrected for the presence of B-aminoisobutyric acid. 

Table 5. Amino acid content of urinary specimens from workers exposed to lead 
Specimens marked P were from workmen in a lead-accumulator factory and those marked C from a lead chromate works. 

All amino acid data are expressed as mg. of amino-nitrogen/g. of creatinine. 
Specimens... a P, P; Pe P, Yr; ty Qe Ve @, FB Fe Ca G C, Cs 
Glutamic acid 05 35 44 3-1 2-3 19 3:1 09 2-2 1-1 2-5 1-1 <0-4 2-1] 0-7 
Lysine 21 25 25 11 19 56 417 #%18 34 414 16 %14 31 OF O7 
Asparagine 30 55* 50 3-7 <03 <0-3 <03 <03 03 3-2 <02 30 50 3-1 20 
Glutamine 32 29 58 63 103 64 33 24 48 72 59 25 12:0 73 7-4 
Histidine 75 366-1 06 44 43 58 46 40 53 #40 <05 33 #79 %49 25 
Glycine 16-7 188 18-6 21-1 185 19-6 23-8 28-8 186 13:6 12:3 12:7 240 80 99 
Methylhistidine 28 44 40 2-7 21 59* 29 26 55* 2-7 41 23 24 14 06 
Alaninet 96 103* 55 58 75 43 69 37 56 60 63 43 83 61 4-7 
Serine 66 6-1 4-4 5] 63 41 56 34 59 56 50 40 73 35 37 
Proline 0-4 2-1 #10 0-7 <03 13 <03 <0-3 <0-3 <0-3 <0-2 1:4 <0-4 <0-2 <0-2 
Tyrosine ~ 46* 26 21 14 20 18 24 13 23 30 29 %I13 32 %I18 16 
Valine 2-3* 17 O06 10 14 O89 1-1 <03 <03 2:2 2-6* 10 1:0 <0-2 1-1 
Leucine 04 2-1 <03 1-5 13 <0-3 <0-3 <0-3 <03 <0-3 <0-2 1:3 <0-4 <0-2 <0-2 
Phenylalanine <0-4 13 <03 <03 1:3 <03 <03 <03 15 <03 <0-2 08 <0-4 <0-2 <0-2 
Threonine 44 18 19 32 25 20 2-4 13 24 <02 12 34 #18 30 
Tryptophan 13 0-8 <0-3 <0-3 <03 <0:3 <03 1] 61-1 616 -<0-2 23% 05 1:2 
Cystine <0-4 <0-4 <03 0-7 <03 <0-3 0-8 0-6 <0-3 0-6 05 <08 <0-4 <0-4 
Total amino-nitrogen 770 70-5 62-5 61-2 60:3 58-2 57-6 55-6 2 446 41:4 78:5 41:0 39-0 
Lead (yg./I.) 140 324 271 #115 296 173 586 156 180 420 271 105 500 440 340 

* Abnormally raised values P =0-003. 


+ Uncorrected for the presence of B-aminoisobutyric acid. 
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RESULTS 

The data are expressed as mg. of amino-nitrogen 
excreted/g. of creatinine. This substance is not 
reabsorbed in the renal tubule and its daily excre- 
tion varies over a limited range. The ratio of the 
urinary concentration of amino acids to that of 
creatinine gives a more accurate measure of the 
reabsorptive efficiency of the tubule for amino 
acids during the period of collection, and provides 
a standard of comparison for amino acid data 
collected at different times. 

The amino acid values presented in Table 3 are 
on urine specimens from 


measurements made 
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group were therefore unimportant—a relevant 
finding since factory conditions precluded 24 hr. 
collection of urine. 

Data relating to lead workers in three different 
industries are presented in Tables 4 and 5. The 
values for urinary lead, as for other metals quoted 
in the tables, have not been related to urinary crea- 
tinine, since the mechanism of heavy-metal excretion 
was not known. Similarly, Table 6 refers to speci- 
mens from mercury workers, and Tables 7 and 8 to 
workers exposed to uranium. Workmen exposed 
to cadmium oxide dust (Table 9) in an alkaline- 
accumulator industry were chosen from various 
parts of the factory with a varying cadmium hazard. 


Table 6. Amino acid content of urinary specimens from workers exposed to mercury 


Specimens marked I were from workers exposed to mercury 
All amino acid data are expressed as mg. of amino-nitrogen/g. of creatinine. 


meréurial compounds. 


vapour and those marked O from workers inhaling organic 


Specimens I, I, I, I, I, I, O; O, O; O, 
Glutamic acid 4-9* 4-2 4-4 3-3 4-5* 3-8 <0-2 <0-2 <0-1 <0-1 
Lysine 4-2 2-1 2-0 1-9 3-1 1-8 1-5 2-0 0-9 0-9 
Asparagine <0-6 <0-4 <0-4 <0-4 <0-4 5-1 0-5 3-4 2-9 2-7 
Glutamine 11-5 10-2 5-2 71 9-5 5-7 5-9 6-1 5-4 5-0 
Histidine 12-2* 4-7 7-6 6-9 9-9 9-7 2-6 4-4 3°3 3-4 
Glycine 55-6* 37-2* 25-2 38-0* 18-2 15-4 8-9 8-3 6-2 4-6 
Methylhistidine 2-5 4-6 15-7* 3-9 3-2 2-7 1-5 1-9 0-9 2-0 
Alaninet 7-4 55 6-8 5-6 11-2* 8-7 37 1-7 2-4 1-9 
Serine 53 8-6* 55 1-0 6-4 5-1 2-6 2-0 2-1 1-7 
Proline <0-6 <0-4 0-9 <0-4 <0-4 <0-4 <0-2 <0-2 <0-2 0-7 
Tyrosine 2-0 1-3 2-5 1-4 5:7* 31 1-2 0-5 0-9 1-9 
Valine 2-9* 0-7 1-4 0-3 <0-4 1-6 1-0 0-2 0-4 0-6 
Leucine <0-6 <0-4 <0-4 <0-4 <0-4 1-1 1-5 0-4 0-3 <0-2 
Phenylalanine 9-6 <0-4 <0-4 <0-4 <0-4 1-2 <0-2 0-1 0-2 <6-2 
Threonine 4-5* 2-8 2-0 3-4 <0-4 3-7 1-6 0-5 0-8 1-1 
Tryptophan <0-6 1-2 1-2 1-0 <0-4 1-2 0-9 0-3 0-7 0-6 
Cystine 1-2 <0°8 1-2 <0-7 0-8 0-9 <0-4 <0-4 0-3 <0-3 
Total amino-nitrogen 114* 83-4 81-5 73-5 72-0 71-0 35-8 31-8 27°5 26-8 
Mercury (yg./I.) 383 200 194 310 410 607 102 660 234 102 
* Abnormally raised values P =0-003. 
+ Uncorrected for the presence of B-aminoisobutyric acid. 
Table 7. Total amino-nitrogen of urinary specimens, from workers exposed to uranium, 


as determined by the copper-complex 


method of Albanese & Irby (1944) 


S,-S, refer to specimens from workers currently exposed, and B,—B, to those previously but not currently exposed to 


uranium, 
Specimens ase eee see ana S, S, S; Sy Ss Se 
Amino-nitrogen (mg./g. of creatinine) 346 232 405 363 338 234 319 (mean) 
Specimens B, B, B, B, B; B, 
Amino-nitrogen (mg./g. of creatinine) 366 266 242 218 140 208 240 (mean) 


twelve workers in the light-engineering factory, 
concurrently with urine from heavy-metal workers. 
The range of the amino acids is similar to that in 
specimens collected, as described above, from 
thirty-eight workmen at various times of the day, 
3 months previously. Diurnal and seasonal varia- 
tions of urinary amino acid concentration in this 


Observations on the tests for reducing-sugar and 
proteins are presented in Table 10. Specimens not 
included in this table gave negative results for both. 
Specimen J was from a worker in whom biochemical 
evidence indicated an apparently symptomless 
diabetes mellitus. Bile pigments were absent from 
all specimens. 
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Table 8a. Amino acid content of urinary specimens from workers exposed 
to a gaseous uranium compound 


Specimens marked X were from workers exhibiting proteinuria. 


nitrogen/g 


Specimen 


Glutamic acid 
Lysine 
Asparagine 
Glutamine 
Histidine 
Glycine 


g. of creatinine. 


Methylhistidine 


Alanine} 
Serine 

Proline 
Tyrosine 
Valine 
Leucine 
Phenylalanine 
Threonine 
Tryptophan 
Cystine 


Total amino-nitrogen 
Uranium (yg./I.f) 
Uranium (yg./I.§) 


* 
1 
; 
t 
§ 


Table 8b. 


X, 
0-6 
9-6* 
17-5* 
35-0* 
28-8* 
29-2* 
18-5* 
19-6* 
13-3* 
1-0 
7°2* 
5-1* 
1-0 
1-0 
7-2* 
0-4 
2-6* 
192* 
50 
20 


Abnormally raised values P 


X, 


4-2 
6-4* 
< 0-4 
8-9 
9-3 
21-1 
3-8 
9-4 
7-1 
<0-4 
3-0 
<0-4 
<0-4 
<0-4 
6-0* 
2-2* 
1-1 
79-1 
10 
20 


0-003. 


Uranium content of the specimen. 
Average uranium excretion over 3 months before the collection of the specimen. 
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All amino acid data are expressed as mg. of amino- 
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+ Uncorrected for the presence of B-aminoisobutyrie acid. 
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Specimens marked 8 were from workers currently exposed, and those marked B from workers previously but not currently 


exposed. All amino acid data are expressed as mg. of amino-nitrogen/g. of creatinine. 
Specimen ° S, So Ss S, Ss Se S, S. 
Glutamic acid 06 <05 6-0* 5:9* <0-5 2-4 21 <03 
Lysine 8-9 2-9 1-6 3-7 13°8* 2-0 2-9 2-9 
Asparagine 0-6 05 <05 <05 <0-°5 58 <03 4-6 
Glutamine 27-6* 19-2* 4-4 3-0 65 10-0 3-0 6-7 
Histidine 12-1 8-4 3-0 4-2 14-7* 63 13-4* 7-2 
Glycine 22-7 25:8 57-5* 44-7* 23-4 19-7 20-8 17-9 
Methylhistidine 3-4 4-9 3-9 1-0 4-2 3-6 6-3* 33 
Alaninet 7-0* 12-5* 21-3* 13-0* 9-5 7:3 6-4 4-7 
Serine 13-6* 11-1* 4-4 4-5 6:8 5-7 3°7 3-9 
Proline 1-6 21 <05 09 <0-5 1-4 12 <03 
Tyrosine 2-4 2-4 <0-5 2-6 5-3* 2-0 2° 1-3 
Valine 2-1 12 <0°5 0-6 1-7 1-5 1-9 1-1 
Leucine 0-6 16 <0-5 0-7 0-5 17 <03 <03 
Phenylalanine 2-6 . <05 <05 <0-5 04 <03 <03 
Threonine 1-2" <O0-5 3°8 5-0* 1-8 2-7 4-7* 
Tryptophan 2-2* <0-5 14 <0-5 0-8 0-7 3-0* 
Cystine 1-2 1- 1-0 1-0 1-4 0-9 0-7 <0-6 
Total amino-nitrogen 119* 102* 99-0* 98-1* 98-4* 70-9 67-4 60-3 
Uranium (yg./I.t) 50 40 40 40 30 40 10 20 
Uranium (yg./1.§) 45 76 40 30 40 40 50 30 


x 


+ 
+ 
+ 
3 





Abnormally raised values P 
Uncorrected for the presence of B-aminoisobutyric acid. 
Uranium content of the specimen. 
Average uranium excretion over 3 months before the collection of the specimen. 
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Table 9. Amino acid content of urinary specimens from workers exposed to cadmium 
in an alkuiine accumulator factory 
All amino acid data are expressed in mg. of amino-nitrogen/g. of creatinine. 

Specimen J L A M R D K O Q P H N 
Glutamic acid 8-1* 57-9* 15 <08 3-7 0-6 2-3 1-8 1-] 1:2 <0-6 3-7 
Lysine 45-3* 7-9* 10-5* 31-6* 2-3 1-9 4-0 2-5 9-4* 2-0 2-2 2-2 
Asparagine 2-4 1-9 15 <08 <05 8-9* <0-5 6-3* 3-9 4-2 5-1 4-8 
Glutamine 49-7* 40-6* 62-5* 23-6* 15-2 19-0* 14-1 13-4 14-6 14-6 7-2 6-2 
Histidine 34-9* 344* 13-7* 10-1 5-5 15:2* 49 11-0 17-5* 7-0 11-3 7-9 
Glycine 64-5* 133-0* 104-0* 53-5* 48-6* 26-3 28-1 19-0 21-0 19-4 23-5 13-9 
Methylhistidine 22-6* 1-9 6-2* <0-3 30 <05 <0°5 8-0* 3-9 3-2 5-7* 3-7 
Alaninet 12-0* 64:5* 16-7* 14-4* 7-5 9-3 12-4* 7-7 10-7* 9-5 8-0 5-2 
Serine 40-2* 21-6* 40-0* 20:0* 86* 10-0* 11-:3* 10-0* 9-4* 7-9* 2-4 4-0 
Proline 17-5 1-9 34 <08 <05 <0-5 1-1 1-9 0-9 27 <0-4 <03 
Tyrosine 16-8* 21-7* 10-9* 3-1 1-7 3-4 41* 3-0 2-4 5-8* 2-1 2-7 
Valine 13-0* 1-9 3-8* 2-7* 2-9* 0-9 1-0 3-1* 1-2 2-2 0-3 1-1 
Leucine 23-2* 1-9 49* 3:5 14 <05 1-1 1-2 0-7 24 <0-4 1-7 
Phenylalanine 9-3* 1:9 15 <08 <05 <05 <0-5 10 <05 2-2 <0-4 1-2 
Threonine 57-5* 56-0* 41-5* 11-3* 6-5* 5-1* 8-0* 2-5 0-8 5-0* 4:9* 2-2 
Tryptophan 4:8* 46* 3-<0* 1-1 <05 0-8 I-7 0-9 <0-5 2-7 <0-4 3°8 
Cystine 4:8* 46* 3-1* 1-7* 1-4 13 <09 <09 <09 12 <0-7 <06 
Total amino-nitrogen 475* 380* 299* 165* 107* 102* 94-0* 94-0* 89-1* 83-2 72-5 63-1 
Cadmium (yg./I.) 36 38 =. 335 30 18 20 62 37 12 26 139 10 
Protein (mg./g. of creatinine) 1470 1690 1280 560 0 48 1300 10 10 25 43 0 


* Abnormally raised values P =0-003. 
+ Uncorrected for the presence of B-aminoisobutyric acid. 


Table 10. Quantitative observations on reducing-sugars and proteins in urine 
of men absorbing lead, uranium and cadmium 


The letters P, S, X, H and J have the same significance as in Tables 4, 5, 8 and 9. The symbols —, tr., 


and 


refer respectively to negative, trace, positive and strongly positive reactions. Specimen J was from a worker in whom 
biochetnical evidence indicated an apparently symptomless diabetes mellitus. 


Lead 
» > Y Y 
I 1 I 7 So Sto 
Leducing sugars - _ - tr. 
Protein tr. tr. 


DISCUSSION 


The mean total amino-nitrogen/g. of creatinine of 
the controls in the present work was 52mg. 
(Table 3), a result in good agreement with that of 
74:3 mg./l. obtained by the specific sulphonated 
ion-exchange resin procedure (Stein, 1953). This 
latter method measured taurine but not glutamine, 
whereas in our investigations the reverse was true. 

The amino acid pattern observed in the controls 
was in many respects similar to previous descrip- 
tions (Dent, 1951; Walshe, 1953; Stein, 1953; 
Dustin, Moore & Bigwood, 1955). Of the simpler 
neutral amino acids, glycine and alanine occurred in 
larger quantities than valine and leucine. Stein 
observed that the concentration of glycine was 
uniformly three times that of alanine, but we did 
not observe such a constant relationship, possibly 
because our measurements of alanine include f- 


aminoisobutyric acid. There was always more 


serine than threonine and more tyrosine than 


24 


S 


Uranium Cadmium 
Peo a a eae te 

11 Sie X, X; X; X, 4H J 
> - - tr. tr. - 

- - tr. tr. ~ ~ tr. 


phenylalanine. The urines were comparatively rich 
in histidine, but the levels of methylhistidine, of 
dietary origin, were low and the values less than 
those recorded by Stein. 

The observations on glutamine were of particular 
interest as it constitutes a large proportion of the 
plasma amino-nitrogen (Krebs, Eggleston & Hems, 
1949) and its amide group furnishes a ready source 
of ammonia both in the kidney and elsewhere. The 
urinary glutamine was of the same order as that 
recorded by Archibald (1944), but the levels varied 
over a wide range (s.p. 3-4 mg. of amino-N/g. of 
creatinine) in accord with its behaviour in the plasma 
(Krebs et al. 1949; Boulanger & Osteux, 1949; 
Hamilton, 1945) where quantitatively it is the most 
variable amino acid. 

The concentration of 
freshly voided urine was so low as often to be 
beyond detection. This fact, already observed by 
Stein, is surprising in view of its high plasma level 
(Krebs e¢ al. 1949). Other amino acids virtually 
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free glutamic acid in 
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absent from our control urinary specimens were 
methionine, aspartic acid, hydroxylysine, orni- 
thine, citrulline, arginine, proline and hydroxy- 
proline. 

Against this background of data on the excretion 
of amino acids in the control series, observations 
relating to absorption of lead, mercury, uranium 
and cadmium can be considered. Three of the eight 
specimens from workers in the F series exposed to 
lead fume (Table 4) contained increased amino- 
nitrogen values. Alanine, threonine, methyl- 
histidine and tyrosine were ail present in abnormal 
quantities in these three urines. Of sixteen speci- 
mens from workers exposed to lead oxide dust 
(series P, Tables 4 and 5), three contained elevated 
total amino-nitrogen, and elevated individual 
amino acids; alanine (in five specimens) and serine 
(in three specimens) appeared to be most fre- 
quently affected. The three C specimens from 
workers exposed to acidic and basic lead chromates 
were normal. Since figures for alanine include any 
f-aminoisobutyric acid, these increases could be 
due to either or both compounds. One-dimensional 
chromatograms of F, and P, indicated that both 
alanine and f-aminotsobutyric acid participated 
in this increase and probably are the two amino 
acids most frequently influenced by lead absorption. 

Only one of the six specimens from workers 
exposed to mercury metal (series I, Table 6) had 
a raised amino-nitrogen. The amino acid patterns 
were peculiar, however, in that glycine excretion 
was greater than normal in three specimens, 
particularly no. 1. Series O of workers exposed to 
organic mercurial compounds was normal. 

The results presented in Table 7 obtained by 
using the copper-complex method of Albanese & 
Irby (1944) indicate that the total amino-nitrogen 
values of workers currently exposed to uranium 
(series 8S) were significantly higher than those of 
workers previously but not currently exposed 
(series B). These results are in accord with the 
findings by the ninhydrin method (Tables 8a and b). 
In currently exposed workers (series S) five out of 
ten specimens contained abnormal amounts of 
total amino-nitrogen, whilst the two specimens of 
series B (previously exposed workers) were within 
the control range. Specimen 8, was notable for 
elevated levels of glutamine, alanine, serine and 
threonine, in contrast with specimens 8, and §,, in 
which 80 and 69% respectively of the total amino- 
nitrogen was excreted as glycine and alanine. 
One-dimensional chromatograms have established 
that the B-aminoisobutyric acid content is low as 
compared with alanine and that the high values in 
the conjoined alanine spot are due mainly, if not 
entirely, to increases in urinary alanine concen- 
tration. Specimens B, and B, exhibited little 


abnormality in their excretion patterns. X, and X, 
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were the only specimens with raised total amino- 
nitrogen in the X series. X, was obtained from a 
worker who exhibited proteinuria consistently over 
the previous three months. The amino acid pattern 
was grossly abnormal, glutamine being greatly 
augmented, and also to a less extent alanine, 
valine, serine, threonine, asparagine, tyrosine, 
lysine, histidine and methylhistidine. A notable 
increase in threonine was also obtained in Xg. 

The greatest divergence from normality was 
observed in urinary specimens of workmen ab- 
sorbing cadmium oxide (Table 9). The total amino 
acid concentration in ten of the twelve specimens 
was increased, particularly in J, L, A and M. 
Raised urinary-protein concentration was notable 
in these cases. The high total amino-nitrogen out- 
put was reflected in abnormal excretion patterns 
and in a greater number of amino acids in super- 
normal quantities. Specimens J, L, A and M con- 
tained excessive quantities of glycine, alanine, 
glutamine, serine, threonine, tyrosine, lysine, 
histidine and methylhistidine. The hydroxy-amino 
acids, serine and threonine, were remarkable in 
that they were increased in ten specimens in some 
of which the total amino-nitrogen was well within 
the normal range. The urinary concentration of 
threonine and serine reached peak values 33 and 
9-5 times the corresponding mean values of the 
controls. 

A number of conclusions can be drawn from these 
data. Uranium and cadmium are far more potent 
agents in the production of amino aciduria than 
mercury and lead. Raised urinary amino-nitrogen 
occurred with only 20 ug. of uranium and cadmium/ 
l. of urine, whereas lead and mercury excreted in 
quantities up to 500 yg./l. may not alter the amino 
acid pattern. Although these figures are not a 
measure of the quantity of heavy metal remaining 
and producing effects in the tissues and, with lead 
at least, most of the absorbed metal is permanently 
retained, nevertheless it is evident that the re- 
absorptive pathways for amino acids in the renal 
tubules are not markedly sensitive to lead or 
mercury. Indeed many workmen in this series in 
whom no amino aciduria was present showed 
characteristic effects of lead absorption as in 
abdominal colic and high punctate basophilia. The 
changes noted were mainly confined to increases in 
alanine by lead and glycine by mercury. 

It is clear that varying grades of amino aciduria 
may occur in workmen exposed to heavy metals in 
industry. This fact established, we feel justified in 
proceeding with the second part of this study, 
which involves taking blood from the workmen for 
simultaneous measurements, with the same precise 
technique, of blood and urinary. amino acids. It 
will then be possible to decide whether these heavy 
metals cause amino aciduria through a general 
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metabolic disturbance leading to elevated blood 
amino acid concentration, or, as would appear 
more likely from the accumulated evidence 
presented in the Introduction, whether the pheno- 
menon results from diminished reabsorption in the 
renal tubule. If the latter alternative is true, the 
data already collected lend support to the concept 
of differing pathways of reabsorption of the amino 
acids suggested by the work of Pitts (1944) and 
Beyer, Wright, Skeggs, Russo & Shaner (1947). 
When gross amino aciduria is present, practically 
all the amino acids are increased to some extent, 
but specific pathways can be differentiated by their 
relative sensitivity to toxic heavy-metal ions. The 
pathways for reabsorption of threonine and serine, 
for example, are easily blocked by cadmium and, 
to a less extent, by uranium. This work is being 
continued to obtain further information on these 
aspects of the problem. 


SUMMARY 


1. The effects of absorption of lead, mercury, 
uranium and cadmium on urinary excretion of 
amino acids have been investigated. 

2. Cadmium and uranium produced more pro- 
found changes than did lead and mercury in the 
total urinary amino-nitrogen levels and in the 
amino acid patterns. 

3. The urinary concentrations of the hydroxy- 
amino acids threonine and serine were particularly 
increased by absorption of uranium and cadmium. 

4. A relative increase in alanine was found in 
five out of fifteen lead-containing urines, and in 
glycine in three out of six mercury-containing 
urines. 

5. The observations are discussed in relation to 
the causation of the amino aciduria and the possible 
role that heavy metals may play in the elucidation 
of the reabsorptive pathways in the renal tubular 
cells. 
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A Hand-operated Tissue Chopper 
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(Received 11 May 1955) 


The mechanical chopper devised by MclIlwain & 
Buddle (1953) for the preparation of tissue slices 
important advance in manometric 
technique. The machine prepares slices more 
rapidly and more uniformly than any previous 
device; furthermore, it allows small and cheap 
animals to be used; for example, mouse liver and 
kidney may be chopped as easily as those of the rat. 
It seems likely that the tissue chopper in one form 
or another will be widely adopted. 

The chopper of McIlwain & Buddle (1953) was 
designed to allow quick adjustments, a principle 
leading to an ingenious but intricate design. In 
consequence their machine is available only to 


marks an 


those laboratories which command the services of 


skilled mechanics. In practice, frequent adjust- 
ment of the tissue chopper is not essential; once the 
machine has been set to cut slices of a given thick- 
ness, for example, months may elapse before it is 
desired to alter the slice thickness; further, there 
is little virtue in being able to make an adjustment 
in 1 sec. instead of, say, 10. This paper describes 


a chopping machine, based on the principle of 


Mcllwain & Buddle (1953), but designed to be as 
simple as possible, so that skilled labour is not 
required for its construction, and of heavy con- 
struction, so that many years of trouble-free service 
will be obtained. The first requirement has been 
achieved at the expense of simple and rapid adjust- 


ment. The second principle leads to the use of 


ferrous metals and brass throughout, so that, apart 
from being of assured durability, the machine 
absorbs its own vibration. 

One feature of the technique of using the chopper 
merited investigation. In their instructions 
MeclIlwain & Buddle (1953) recommend that the 
tissue be weighed, chopped and then transferred 


to the experimental vessel. If, as a general 


principle, the rate of oxygen consumption of tissue 
slices is referred to the wet weight before rather 
than after chopping, it is implied that a negligible 
proportion of the cells are injured in chopping; this 
seemed unlikely so the point was investigated. 


CONSTRUCTION OF THE MACHINE 


The main features of the machine are shown in Figs. 1-5. 

The body is of bright mild-steel flats, sides 3 x 5; x 8 in., 
ends 3 x} x3%in. The base is a selected cast-iron retort- 
stand base 9 x 12 in. All shafts are of 3 in. diameter silver 
steel. The steel screw, obtained from a government surplus 
dealer, is 5°; in. x 10 threads/in., square thread, with a brass 
nut 4 x4x{Zin.; the brass ratchet wheel is 64 diametrical 
pitch, 100 teeth, so that each tooth corresponds to 0-001 in. 
(25-6 4.) movement of the table; the driving wheel was 
made from a 3in. diameter model locomotive-wheel 
casting. The table and connecting-rod ends were made from 
brass, B.S. 249:1940; the cam and plates of the ratchet 
mechanism were brass, B.S. 251:1940. Fixings were high- 
tensile steel hexagon head B.A. bolts with spring washers. 
The chopping lever was forged from a bright mild-steel bar 
?x}in. The drawings are largely self-explanatory. Pro- 
vision was made for the lubrication of all bearings on the 
principle shown in Fig. 5; the oil holes (not generally shown) 
were 0-066 in. in diameter, tapped 8 B.A. to receive } in. 
screws as dust excluders. Other features not indicated in 
the drawings are: (i) the fixing of the body to the base, by 
means of six 4 B.A. bolts; (ii) the attachment of the ratchet 
wheel to the screw spindle by a ;}; in. silver-steel pin; 
(iii) the connecting-rod halves were brazed into their ends; 
(iv) the driving pawl was brazed to its spindle; (v) the 
silver-steel pin for the razor blade was press-fitted into the 
lever. Extensive use has been made of the principle of the 
clip boss, which was used to attach not only the wheels but 
also the levers and collars to shafts. 

Potential difficulties have been eliminated as follows: 
(i) the necessity for aligning the connecting-rod ends and 
obtaining the optimum length was avoided by making the 
connecting rod in two parts joined by a pair of bosses, so 
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that it is fully adjustable; (ii) the requirement of perfect Use of the machine follows the principles laid down by 
alignment of the table guides and screw was circumvented MclIlwain & Buddle (1953). The table is returned to the 
by not fixing the nut to the table, while retaining a positive starting position by a turnscrew inserted in the slot pro- 
location of the nut by a spring. vided in the ratchet assembly. To ensure that the filter 

It is not necessary that the chopping lever should be paper under the tissue could not slip, it was held by a clip 
geometrically true, but experiment showed that the per- and bolt which was simply tightened by the fingers. 
formance of the machine was considerably improved if the | Adjustment of slice thickness is obtained by varying the 
razor blade lay at an angle to its plane of movement, so eccentricity of the driving connecting-rod end. The height 
that the bevel facing the unchopped tissue was collinear of rise of the chopping lever is controlled by altering the 
with this plane, as shown in Fig. 5 B. The precise angle will _ rotational position of the lever L2 which the cam actuates. 
depend on the make of razor blade, and in this case was The force with which the chopping lever descends is not 
5° 30’. This requirement is easily met by judicious forging _ variable since it was found that a very wide range of lever 
of the lever between the bend and the hole for its shaft. To spring tensions were acceptable, and the necessity for 
prevent lateral movement of the chopping-lever shaft, it | adjustment does not arise; in practice the lever-spring 
was held by a pair of adjustable collars. tension was chosen empirically with regard to the speed at 
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SD B Sh6CRE1Sh Sh2 6 CR Bo Sh3 8 SL 6 P26 
Fig. 1. A: side elevation showing reciprocating and ratchet mechanisms. Omitted: washer between split pin and 
connecting-rod end; chopping-lever stop; razor blade. B: elevation of ratchet mechanism, viewed from inside. The 
arrow shows the direction in which the ratchet wheel is driven. 


Key to Figs. 1-5: B, base, cast iron 10x 12in.; Bo, boss for connecting-rod halves; BP, brass plate; C, cam; CB, 
detachable clip boss; Cl, razor-blade clamp; Co, adjustable collar; Cp, clip to hold filter paper; CR, connecting rod; 
CRE1, connecting rod, driving end; CRE2, connecting rod, driven end; DW, driving wheel; LZ, end of body; 
Ec, variable eccentric mechanism; H, handle of driving wheel; HL, hole for lubrication of bearing; 11, chopping 
lever; L2, lever actuated by cam; L3, lever for spring of driving pawl; LV, lock nut and distance piece; NV, nut; 
P, silver-steel pin; P1, driving pawl; P2, second pawl, to prevent table from moving back during return movement 
of P1; R, ratchet wheel, brass, 64 diametrical pitch, 100 teeth; RC, ratchet mechanism cap; S, driving pawl 
spindle; Sc, screw, +s in. x 10 threads/in. square thread; SD, side of body; SL, slot for turnscrew, to return table to 
starting position; Sh, eccentric shaft, bearing CRE1; Sh1, driving shaft; Sh2, lever shaft; Sh3, shaft for lower 
attachment of Spl; Sh4 and Sh5, table guides; Sh6, eccentric mechanism shaft; SP, driving-pawl spindle; 
Sp1, chopping-lever spring; Sp2, driving pawl spring; Sp3, second pawl spring; Sp4, lock spring; S7’, lever stop, 
a }in. B.S.F. bolt; 7’, table; 7'4, holes tapped 4 B.A.; W, washer; 2.4, steel bolt 2 B.A. Arabic numerals 4, 6 and 
8 refer to B.A. sizes of bolts, which are not drawn to scale. 
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Fig. 2. Side elevation showing lever mechanism; reciprocating and ratchet mechanisms, near side of body, 
proximal collar and washer of lever shaft, razor blade and clamp removed. (For Key, see p. 373.) 
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Fig. 3. Plan. Omitted: all springs and lever L2; the eccentricity of the connecting-rod end CRE 1 
has been made zero for simplicity. (For Key, see p. 373.) 
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which the machine would be operated. The depth of 
descent of the chopping lever is controlled by the stop bolt; 
it was found advantageous to stick a piece of } in. thick 
rubber on the head of this bolt, so that the machine 
operates almost silently. 


CRE2 L3 SP P14 Sc T HL 





Fig. 4. Vertical section through screw. 
(For Key, see p. 373.) 


Fig. 5. A: razor blade held collinear with its plane of 
movement, which is indicated by the arrow. B: optimum 
position of razor blade, which is inclined so that the 
bevel nearer the uncut tissue is collinear with the plane 
of movement. 


HAND-OPERATED TISSUE CHOPPER 


375 


METHODS 
CBA mouse-liver slices were chopped nominally 0-33 mm. 
thick. The rate of oxygen consumption of 2 ml. portions of 
the 15 ml. of glucose—phosphate—Ringer solution (pH 7-4) 
which was used to separate the slices obtained by chop- 
ping 400-500 mg. of liver was determined by the direct 
method of Warburg in runs of 30 min. duration. 


RESULTS 


The proportion of tissue lost in chopping mouse 
liver was determined as follows. From each mouse 
two pieces of liver were obtained. The wet weight 
(a, mg.) of one piece was determined ; this piece was 
then dried to constant weight (b, mg.) at 110°. The 
wet weight (m, mg.) of the second piece was 
determined; this piece was then chopped into 
slices nominally 0-33 mm. thick; the slices were 
separated by shaking in 15 ml. of Ringer solution 
and were then recovered and their dry weight 
(n, mg.) was determined. From the dry weight of the 
sliced liver the wet weight of the slices was esti- 
mated, by using the ratio of wet to dry weight 
found for the unchopped tissue; the difference be- 
tween the wet weight of the slices and the weight of 
the tissue before chopping was found, and this differ- 
ence, the loss of weight in chopping, was finally 
expressed as x, mg./100 mg. of initial tissue; i.e. 
x=(m—na/b)100/m. All operations on the second 
piece of tissue were carried out as quickly as possible ; 
the weighings were performed on a torsion balance. 

The hypothesis H): « < Do, where a isthe standard 
deviation and p» the mean x, was tested sequentially 
(Wald, 1947; Arnold, 1951); the value assigned 
to D was 1, and toa and £ 0-01, where « is the prob- 
ability of rejecting Hy, when in fact »<Do, 
and £ is the probability of accepting Hy, when 
in fact »>Do. Hoy was rejected after eight trials. 
Particulars of the distribution of x were: range 
11-26; mean + 95% confidence limits 16-0 + 4-2. 

These results show that a substantial proportion 
of the tissue was lost in the chopping. Microscopic 
examination of the Ringer solution used to separate 
slices revealed an abundance of cellular debris; it 
was found that this Ringer solution had a neg- 
ligible rate of oxygen uptake; the mean of twelve 
manometer readings was less than 0-5 mm., which 
was insufficient for the missing mass of tissue to be 
accounted for as small aggregates of intact cells 
which, although not recoverable as slices, were 
capable of respiration as cells. 


DISCUSSION 


The chopper described above was made by un- 
skilled labour with a minimum of machine tools, 
and gave a satisfactory performance. The chopper 
has been presented as made, so that there is scope 
for improvement; for example, it would have been 
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better to have procured a screw with a longer end- 
spindle to take a wheel for returning the table; 
again, if the chopping lever had been bent to about 
75° instead of 90° it would not have been necessary 
to scribe the lever to the driving shaft. It is 
difficult to conceive of a simpler design for a 
satisfactory tissue chopper. Although many 
refinements could be added to the machine, this 
would be contrary to our purpose. 

It is thought that the present machine is 
superior, for the routine preparation of tissue 
slices, to that of McIlwain & Buddle (1953) in the 
following respects: (i) simplicity, (ii) absence of 
plastics and other materials whose durability may 
be questioned, (iii) positive location of the table, 
and larger bearing area of the table on its guides, 
(iv) greater weight (18 lb. gross), and consequent 
freedom from vibration. 

Particular importance is attached to the angle 
between the razor blade and its plane of move- 
ment. If this was zero, as shown in Fig. 5A, it was 
found that although semi-fluid tissues, e.g. brain, 
were cut perfectly, more rubbery tissues, e.g. 
kidney, were cut with irregularity of slice thickness ; 
this was attributed to the tendency of the blade to 
push the tissue aside by half its thickness as it 
entered the tissue. When the razor blade was tilted 
so that the bevel nearer the unchopped tissue was 
collinear with its plane of movement, as shown in 
Fig. 5B, it was found that, contrary to previous 
experience, mouse kidney was sliced as easily as 
brain; in this case any displacement would occur at 
the expense of the already sliced part of the tissue. 

Results have been presented concerning the 
recommendation of McIlwain & Buddle (1953) that 
tissue be weighed, then chopped and transferred to 
the experimental vessel, and the rate of oxygen 
consumption apparently be expressed in terms of 
the wet weight of the unchopped tissue. That tissue 
is lost in the chopping and subsequent separation 
of the slices may seem obvious. Our concern is 
rather with extent of the loss and how it may be 
accounted for. The cut surfaces of a tissue slice 
cannot be conceived as plane, especially for a tissue 
with large cells, such as liver. If we suppose that 
the cutting instrument is perfect, i.e. that its edge 
has no thickness, then the plane of section will pass 
through cells: some will be halved, others divided 
in the ratios 1:2, 1:3, etec., all ratios between the 
limits 0:1 and 1:0 being equally frequent if the 
cells be considered infinite in number and arranged 
at random in space. The remains of the sectioned 
cells will be washed away when the slices are 
separated. The cut surface of a slice will then be 
irregular, like a roughcast rendering, and the 
distance between the highest peak and lowest 
depression measured normally to the plane of 
section will be the cell diameter. Although the cut 
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surface of a slice is not visualized as a plane, it can 
obviously be referred to a hypothetical plane, 
related to the real surface, by, say, the principle of 
least squares. This concept implies that reference 
cannot be made without qualification to slice 
thickness, for this will vary from point to point, up 
to twice the maximum cell diameter. 

The results presented above are consistent with 
this view. It was found that in cutting mouse-liver 
slices nominally 0-33 mm. thick, an average of 
16% of the initial weight was lost, and the mini- 
mum observed was 11%. Now the diameter of a 
mouse-liver cell is about 20-30. (P. R. Peacock, 
personal communication); thus if the razor blade 
had a perfect cutting edge, each cut would injure 
a zone of tissue whose width at any point would be 
20-30 p., so that the mean thickness and weight of 
the slices would be reduced by a minimum of 
6-9 %. This figure is in reasonable agreement with 
the findings for slice weight, in view of the assump- 
tions implicit in the theoretical calculation. This 
interpretation of the experimental data suggests 
that a liver slice whose nominal thickness was 
0-33 mm. had a mean thickness of about 0-28 mm. 

Since the mass of slices is substantially less than 
that of the tissue before chopping, if the rate of 
oxygen consumption is expressed in terms of the 
weight of the tissue before chopping rather than, 
for example, the weight of the slices, lower values 
will be obtained. This could be a source of serious 
error, the extent of which will depend on (i) the 
nature of the tissue (i.e. cell size) and (ii) the slice 
thickness. 

In conclusion, although the respiratory rate of 
tissue slices may be arbitrarily referred to the wet 
weight of the tissue before chopping, the present 
results emphasize that the weight of the slices may 
be substantially less than that of the tissue before 
chopping, and also that the mean thickness of the 
slices may be less than their nominal thickness. 


SUMMARY 


1. A simplified machine for the routine prepara- 
tion of tissue slices by an ordinary safety-razor 
blade is described ; its manufacture did not require 
skilled labour. 

2. Attention is drawn to the advantage of inclin- 
ing the razor blade so that the bevel nearer the 
uncut tissue is collinear with the plane of chopping. 

3. It was found that an average of 16% of the 
mass of mouse liver was lost in chopping it into 
slices 0-33 mm. thick. 
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The mechanism of reduction processes, both 
enzymic and non-enzymic, has recently been the 
subject of numerous investigations, and evidence 
about the single steps involved has become 
available. A method of reduction based on the 
action of ionizing radiations on suitably con- 
structed systems (Day & Stein, 195la,b) shows 
some specific features of interest. 

In aqueous solutions, not containing solutes 
possessing heavy atoms, ionizing radiations are 
absorbed in approximate proportion to the masses 
of the constituents. Thus in dilute solutions direct 
action of the radiation on the solutes may be dis- 
regarded and absorption will be mainly by the 
solvent water. If one considers the main effect to 
be the splitting of the solvent molecules in the 
following way (Weiss, 1944): 

HOH —w—> H+ 0H, (1) 
one may interpret the chemical changes observed 
as the effects of the H atcms and OH radicals thus 
obtained. Considering the latter, in a solution 
containing a relatively small concentration of one 
substance, S, and a relatively much higher con- 
centration of another, AH,, which may be, for 
example, ethanol, benzoate or succinate, the OH 
radicals will react preferentially with AH,, yielding 
the organic free radicals AH: 

AH,+0OH > AH+HOH. (2) 


The radicals AH may act as either oxidizing or 
reducing agents on the substance S (Swallow, 
1953). 

Thus it was shown that when methylene blue or 
other dyes are irradiated in dilute aqueous solution 
with X- or y-rays in the absence of oxygen but in 
the presence of relatively high concentrations of 
benzoate or succinate the dye can be completely 
reduced in an entirely reversible manner. If 
ethanol is used similar results are obtained, yet 
some irreversible decoloration occurs as well (Day 
& Stein, 1951la, b; Stein, 1952, 1955; Day, 1952). 

If coenzyme I is used, then in the absence of 
oxygen but in the presence of benzoate or succinate 
no reduction occurs in irradiated solutions. If, 


however, ethanol is used reduction occurs. The 
product, though closely related to normal reduced 
diphosphopyridine nucleotide (DPNH), remains 
enzymically inactive (Swallow, 1953, 1955; Stein & 
Swallow, 1954). Similar results were obtained with 
various DPN* models (Stein & Swallow, 1954; 
Stein, 1955; Stein & Stiassny, 1955). 

In view of these results it was of interest to 
carry out similar experiments on cytochrome c. 
These have been briefly referred to before (Stein & 
Swallow, 1954). 


EXPERIMENTAL 


The horse-heart cytochrome c used was prepared by 
Margoliash (1954). It was his fraction I, obtained at pH 7, 
containing 0-465% of iron. The millimolar extinction 
coefficient at 550 my. of the completely reduced form was 
27-7, of the completely oxidized 9-2, measured in 0-1Mm 
phosphate buffer at pH 7. 

All cytochrome c¢ solutions were approx. 10-°m in 
permanganate-distilled water, and were evacuated with 
boiling at room temperature on an oil pump. The N, and H, 
used were purified O,-free quality, supplied by British 
Oxygen Co. Ltd. In all cases the cytochrome c solutions 
were aerated before the absorption spectra were read. 

Irradiations were carried out with 200 kv peak X-rays 
filtered through 1 mm. Cu and 1mm. Al, and at pH 7. 
Optical densities were determined on a Beckman DU 
spectrophotometer and all values reported refer to 1 cm. 
cells. The heart-muscle enzyme system preparation used 
was obtained according to Keilin & Hartree (1947). 


RESULTS 


In Fig. 1A the absorption curve of the original 
10-5m cytochrome c solution before irradiation is 
shown. Changes in the spectrum on irradiation 
were in four regions: (a) a shift in the maximum 
from 410 to 415 mz.; (b) increased absorption at 
520 mu.; (c) mereased absorption at 550 mu.; 
(d) increased absorption at 600 my. Changes (a), 
(b) and (c), but not (d), appear on reduction of 
cytochrome ¢ enzymically or with dithionite. 
When a 10-°M solution of cytochrome c is irradiated 
in the absence of O, but in the presence of either 





in 


2Mir2 









378 L. K. MEE AND G. STEIN 1956 | \ 














sc 
al 
F 
al 
Cl 
b 
re 
it 
dl 
~ di 
2 tl 
3 5 
$s re 
a 
O 
Zi 
t] 
is 
ir 
a 
i 
b 
a 
0 
q 
400 450 500 550 600 650 
me r 
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Fig. 2. Absorption spectrum of approx. 10-5m cytochrome c solution (1 cm. cell) after irradiation with 30 000 r. of 
X-rays in the presence of 0-1m benzoate (@), 0-1m succinate (OQ), 0-1m ethanol ( x), in the absence of O,. 
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sodium benzoate or sodium succinate (0-1m) with 
an X-ray dose of 30 000r., the spectra shown in 
Fig. 2 are obtained. These show changes (a), (b) 
and (c) but not (d), thus corresponding to reduced 
cytochrome c. To ascertain whether the product 
behaves as reduced cytochrome c¢, it was allowed to 
react with the heart-muscle preparation. With this 
it could be repeatedly reoxidized by the cyto- 
chrome-oxidase and reduced by the succinic- 
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With the amount of cytochrome c¢ in the solu- 
tions employed 15 000r. was sufficient for com- 
plete reduction. It was of interest to see the effect 
of continued irradiation. The results of irradiation 
with 60 000 r., compared with those of Fig. 2, show 
that in the presence of benzoate changes (a), (b) 
and (c) appropriate to the genuine reduced form 


dehydrogenase system, the reoxidized form yielding 7” 
the unchanged spectrum of the starting material. 
Thus this method appears to produce the normal 2012 
reduced cytochrome c. E 
When ethanol (0-1mM) was used instead of ben- « 0-08 ° ° 
zoate or succinate and a dose of 30000 r. was given, s 
the spectrum shown in Fig. 2 was obtained. There o 004 


is less of a shift from 410 to 415 my., and less 
increase at 520 and 550 mp. However, at 600 mz. 
a new absorption band appears in the ethanolic 
irradiated solution. The irradiated solution can 
be reoxidized with, for example, ferricyanide 
and the spectrum shown in Fig. 1B is then 
obtained, in which the band at 600 mu. persists. 
This product is thus not the one formed on enzymic 
reduction. 
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Fig. 3. Dependence of optical density of cytochrome c¢ 
solution (approx. 10-5m, in lem. cell, measured at 
600 mz.) on radiation dose. Irradiations carried out in 
the presence of 0-1m ethanol, in the absence of Og. 
Measurements in reaerated solutions. 
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Fig. 4. Absorption spectrum of approx. 10-°m cytochrome c¢ solution (1 cm. cell) after irradiation with 45 000 r. of 


X-rays in the presence of approx. 10-*m-H, (@), 0-1m benzoate (©), 0-1 ethanol (x), in the absence of O,. 
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persist, so that in the presence of benzoate reduced 
cytochrome c is not affected on further irradiation. 
In particular no band appears at 600 mp. In the 
presence of ethanol, however, continued irradiation 
results in the disappearance of peaks at 520 and 
550 muyu., but the band at 600 my. increases in 
intensity. 

The dependence of optical density on radiation 
dose in this band is shown in Fig. 3 to be approxi- 
mately linear. Methanol, ethanol and n-butanol 
(O-1m) all produce similar effects. 

When, instead of ethanol, succinate or benzoate, 
the solution is saturated with H, (thus giving 
approx. 10-°m concentration of the gas in solution) 
the results shown in Fig. 4 are obtained at a dose 
of 45000 r. The results in H,-containing solutions 
thus resemble those obtained in ethanolic ones. 

When irradiations were carried out in solutions 
containing only N, a dose of 45000 r. produced no 
shift to 415 my., no peaks at 520 or 550 muy., but 
the band at 600 mz. did appear. By contrast, in 
O,-containing solutions at this dose no apparent 


change occurs. At the same dose in the presence of 


ethanol not only the band at 600 my. but also 
changes (a), (b) and (c) typical of the normal 
reduction product appear. 


DISCUSSION 


The reactions observed in the present system are in 
fact based on the action of organic free radicals 
derived from benzoate, succinate or alcohols 
according to reaction 2. They show that these 
organic radicals act as reducing agents towards 
eytochrome c. As shown, reduced cytochrome c 
remains in its reduced state with continued action 
of these radicals, derived from benzoate or succi- 
nate. The reducing action of organic radicals 
derived from benzoate or succinate produces an 
enzymically active reduced form, which has a 
spectrum corresponding in all respects with the 
biological reduction product. There appears to be 
a specific difference between these radicals and 


those derived from methanol, ethanol or n- 


butanol. With coenzyme I and coenzyme I models 
the radicals derived from benzoate or succinate 
were found to be incapable of effecting reduction. 
The radicals derived from the alcohols did effect 
reduction, but in such solutions a product not 
normally obtained in biological systems was also 
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produced. The results obtained indicate that this 
unusual product can be formed, not only by the 
action of organic radicals such as CH,.CH.OH but 
also on the action of H atoms in cytochrome c- 
containing solutions. In H,-saturated solutions the 


reaction H,+OH > H+ HOH (3) 


occurs (Stein & Weiss, 1949). 

The spectrum of this product on examination 
under the ocular spectroscope is similar to that of 
porphyrin ¢ obtained by Hill & Keilin (1931) from 
cytochrome c in the presence of a reducer (SQ,), in 
the absence of O,, in hydrochloric acid solutions. 


SUMMARY 


1. Aqueous solutions of cytochrome ¢ (i0->m) 
on irradiation with X-rays in the absence of O, and 
in the presence of 0-1M benzoate or succinate 
yielded reduced cytochrome c identical with the 
product of enzymic reduction. 

2. In the presence of methanol, ethanol or n- 
butanol a product not identical with that resulting 
on enzymic reduction is also obtained. 

3. This same unusual product is formed in the 
presence of H,. Its spectrum is similar to that of 
porphyrin c. 

4. The results are interpreted in terms of the 
reactions of organic free radicals produced in these 
systems. 


We wish to thank Professor J. S. Mitchell, F.R.S., for 
his interest and Dr E. Margoliash and Dr P. Scutt for their 
valuable help. One of us (G.S.) thanks the Humanitarian 
Trust for a grant. 


REFERENCES 


Day, M. J. (1952). Disc. Faraday Soc. 12, 280. 

Day, M. J. & Stein, G. (195la). Nature, Lond., 168, 
644. 

Day, M. J. & Stein, G. (1951b). Nucleonics, 8, (2), 34. 

Hill, R. & Keilin, D. (1931). Proc. Roy. Soc. B, 107, 286. 

Keilin, D. & Hartree, E. F. (1947). Biochem. J. 41, 503. 

Margoliash, E. (1954). Biochem. J. 54, 529. 

Stein, G. (1952). Disc. Faraday Soc. 12, 227. 

Stein, G. (1955). J. Chim. phys. 52, 634. 

Stein, G. & Stiassny, G. (1955). Nature, Lond., 176, 734. 

Stein, G. & Swallow, A. J. (1954). Nature, Lond., 173, 937. 

Stein, G. & Weiss, J. (1949). J. chem. Soc. p. 3245. 

Swallow, A. J. (1953). Biochem. J. 54, 253. 

Swallow, A. J. (1955). Biochem. J. 61, 197. 

Weiss, J. (1944). Nature, Lond., 153, 748. 





—- aa | 


'm fh GO @& oe we 


ont f. 2h hee fo 





M) 
id 
te 
1e 


r 
ir 





Vol. 62 


381 


Adenosine Deaminase and Ribosidase in Spores of Bacillus cereus 
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Inosine is a more effective germination stimulant 
than adenosine for spores of Bacillus cereus and 
B. anthracis (Powell & Hunter, 1955). A crude 
method of assessment, based on the paper-iono- 
phoresis technique of Wade & Morgan (1954), 
indicated that extracts from disintegrated resting 
spores of B. cereus converted adenosine into 
inosine. This suggested the possibility that inosine 
might be, in fact, the germination stimulant, and 
that germination of a given spore suspension in 
adenosine might depend, to some extent, on its 
adenosine-deaminase activity. We have now 
studied quantitatively the deamination of adeno- 
sine by resting and germinated spores of B. cereus, 
and also its further breakdown to the purine and 
free ribose. The possible relationships between 
these reactions and spore germination in B. cereus 
are discussed. Part of this work has already been 
briefly reported (Powell, 1955). 





Fig. 1. 


40 mM sodium potassium phosphate buffer pH 7-3. 
Resting and germinated spores were disintegrated 
in suspensions containing 2 x 10!° spores/ml., using 
the Mickle (1948) tissue disintegrator with Ballotini 
beads size 12. The suspensions were ice-cooled 
at 10 min. intervals during disintegration, which 
usually took 1 hr. Homogenates were separated by 
centrifuging for 30 min. at 6000 g to give extract 
and ‘debris’ preparations. For some experiments 
(see below) the deaminase was precipitated from 
extracts with 30% (v/v) ethanol at 0°. It redis- 
solved readily in water and buffer solutions. 
A spore-coat preparation was obtained by disinte- 
grating a resting-spore suspension for approxi- 
mately 20 min., i.e. until the appearance of stained 
films indicated that disruption had occurred, but 
the suspension still consisted mainly of recognizable 
spore-coat fragments. Smaller particles of doubtful 
origin were removed by repeatedly suspending in 


Spore-coat preparation from B. cereus. Electron photomicrograph (magnification x 10 000). 


Gold—palladium shadowed. 


ORGANISMS AND METHODS 


Resting-spore suspensions of a laboratory strain of 


B. cereus were obtained by growth in liquid-shaken 
culture as previously described (Powell & Hunter, 
1955). Germinated forms were prepared by incu- 
bating resting spore suspensions containing about 
2x 10° spores/ml. for 30 min. with 2 mM inosine in 


water, centrifuging for 15 min. at 900g, and dis- 
carding the supernatant fluid. Five such treatments 
gave the suspension shown in Fig. 1. 
Homogenates, extracts and debris 
representing 0-5—1-0 x 10!° spores/ml. were incu- 
bated with 2mm adenosine and 40mm sodium 
potassium phosphate pH 7-3 for various periods. 
The deamination reaction was stopped by adding 


fractions 
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0-1 vol. of 25% (w/w) HClO,. The ammonia 
produced was determined by the Conway (1947) 
technique, followed by nesslerization, allowance 
being made for endogenous ammonia production 
in the absence of adenosine. With extracts, the 
deamination reaction was also followed in a few 
experiments by measurements of light absorption 
at 265mp. (Kalckar, 1947), after appropriate 
dilution and correction for ‘blank’ absorption in 
the absence of adenosine. This method was more 
suitable for deaminase assay in ethanol-precipitated 
enzyme preparations than in crude extracts: crude 
extracts contained calcium dipicolinate (Powell, 
1953) and gave a very high ‘blank’ absorption. 
The paper-ionophoresis method of Wade & Morgan 
(1954) was sometimes used as a further check on 
results obtained by the other methods. The ribo- 
sidase reaction was studied by determination of 
free ribose by the reductimetric method of Hage- 
dorn & Jensen (1923) after protein precipitation 
with 0-25 vol. of 0-8% (w/v) NaOH and 0-75 vol. 
of 15% (w/v) ZnSO,,7H,O. 

An ethanol-precipitated deaminase preparation 
from 10!° spores in 1 ml. of reaction mixture was 
tested for transaminase activity, the test system of 
Gunsalus & Tonzitich (1952) being used with 
adenosine as the amino-donor. After protein pre- 
cipitation with 2-5 % HClO,, paper chromatograms 
were run in collidine—lutidine. 


RESULTS 


Adenosine deaminase (adenosine —- inosine + NH). 
Crude extracts from resting B. cereus spores 
deaminated adenosine more rapidly and completely 
than did homogenates (Fig. 2). This result is dis- 
cussed below. The insoluble ‘debris’ fraction was 
without deaminase activity. Fig. 3 shows the rate 
of ammonia production during incubation of a 
mixture containing 1-8 mg. dry wt. of extract/ml., 
i.e. the equivalent of 5 x 10° spores/ml., and con- 
centrations of adenosine between 1 and 8 mM. 
Under these conditions, the enzyme was saturated 
at concentrations of adenosine greater than 8 mM. 

Addition of } vol. of ethanol at 0° precipitated 
the enzyme from extracts, with a small loss of 
activity. The ethanol-precipitated preparation was 
freeze-dried and stored without further loss. 
Solutions of the ethanol-precipitated enzyme in 
phosphate buffer at pH 7-3 were relatively un- 
stable, losing 50% of their activity during 18 hr. 
storage at 4°. The crude extract gradually lost 
about 50% of its activity during 3-4 days’ storage 
at 4°. The change in ultraviolet absorption 
spectrum brought about by incubating adenosine 
with an ethanol-precipitated enzyme preparation is 
shown in Fig. 4. In Fig. 5 a comparison is made 
between the Conway and ultraviolet absorption 
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methods of assaying adenosine deaminase, with 
an ethanol-precipitated preparation of rather low 
activity. The effect of pH on the deaminase activity 
of an ethanol-precipitated preparation dissolved 
in 25m™M acetate—barbiturate buffers (Michaelis, 
1931) is shown in Fig. 6. The reaction attained a 
maximum rate at pH 8-7. Similar results were 
obtained in phosphate buffers. 


100 e 


50 


Percentage transformation 


20 40 60 80 100 120 


Period of incubation (min.) 

Fig. 2. Deaminase and ribosidase activity of disintegrated 
B. cereus spores. The equivalent of 10!° spores/ml. 
(7-2 mg. dry wt./ml.) incubated with 2 mm adenosine in 
40mm sodium potassium phosphate pH7-3. O, 
Deaminase activity of homogenate (7-2 mg. dry wt./ml.); 
@, deaminase activity of extract (3-2 mg. dry wt./ml.); 
x, ribosidase activity of homogenate (7-2 mg. dry wt./ 
ml.); (1, ribosidase activity of debris (4-0 mg. dry wt./ 
ml.). 
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Fig. 3. Ammonia liberated during incubation of extract 


(1-8 mg. dry wt./ml.) from B. cereus spores with 1, 2, 4 
and 8 mM adenosine in 40 mm sodium potassium phos- 
phate (pH 7-3). 


The reaction appeared to be a simple deamina- 
tion. No oxygen uptake could be detected during 
incubation of adenosine with extracts or homo- 
genates, nor any stimulation of ammonia produc- 
tion on the addition of crude boiled yeast extract 
(1-7 mg./ml.) or pyridoxal phosphate (10 yg./ml.). 
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There was no detectable conversion of oxoglutarate 
into glutamic acid in the presence of the ethanol- 
precipitated enzyme, adenosine and _ pyridoxal 
phosphate. Under the experimental conditions, 
a 10% conversion would have been readily ob- 
served. 

Spore extracts were also tested for their de- 
aminase activity on other naturally occurring 
purines and pyrimidines. Cytidine was deaminated 
at almost the same rate as adenosine (Fig. 7). 
Adenine, guanine, guanosine and cytosine were not 
attacked by the deaminase. 





250 260 270 280 


A (mp) 


Fig. 4. Change in ultraviolet absorption spectrum during 
incubation of ethanol-precipitated deaminase with 2 mm 
adenosine in 40mm _ sodium potassium phosphate 
(pH 7-3). Ethanol precipitate from spore extract 
(2 x 10!© spores/ml.) reconstituted in 40mm _ sodium 
potassium phosphate to original volume of extract. 

mixture diluted 1:20 in 0-In-HCl. ©, 

x, ¢=120 min. Light path 1 cm. 


Reaction 
¢=0 min.; 


Perhaps the most interesting property of the 
enzyme already reported (Powell & Hunter, 1955) 
was its heat stability in intact resting spores and its 
instability in extracts. We have confirmed this 
observation and found that deaminase activity 
both in homogenates and extracts was destroyed 
by heating for 15min. at 60°. The deaminase 
survived heating at 60° for several hours in intact 
resting spores. As was suggested by previous 
semiquantitative experiments (Powell & Hunter, 
1955), there appeared to be no correlation between 
the rate of adenosine deamination by homogenates 
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or extracts from a given spore suspension and its 
germination rate in adenosine. Thus preheating a 
resting spore suspension for 1—2 hr. at 60° had no 
significant effect on the deaminase activity of 
homogenates prepared from it, nor did the addition 
of 1 mM tyrosine + 1 mM L-alanine to homogenates 
increase their adenosine-deaminase activity (see 
below). 


mR 


Percentage deamination 





20 40 60 80 
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Fig. 5. Deamination of 2 mm adenosine in 40 mm sodium 
potassium phosphate (pH 7:3) by ethanol-precipitated 
deaminase. Ethanol precipitate from spore extract 
(10° spores/ml.) reconstituted in 40 mm sodium potas- 
sium phosphate to original volume of extract. O, 
Ammonia estimated by Conway technique; x , deamina- 
tion assessed from decrease in light absorption at 
265 mp. (60% decrease = 100% deamination). 
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Fig. 6. Effect of pH on ethanol-precipitated deaminase 
(@) and debris ribosidase (x) activity. Ethanol- 


precipitated deaminase and resuspended debris incu- 
bated for 50 min. with 2 mm adenosine. 


A few experiments were made with germinated 
spores of B. cereus. Both intact and disintegrated 
suspensions converted adenosine into inosine and 
all the deaminase activity appeared in the extracts. 





In contrast with resting spores, the adenosine 
deaminase of intact germinated spores was heat- 
labile, being completely destroyed by heating for 
15 min. at 60°. Homogenates and extracts also lost 
their deaminase activity during this treatment. 


Adenosine ribosidase (adenosine>adenine + ribose). 
The adenosine-ribosidase activity of homogenates 
was associated with the insoluble ‘debris’ fraction, 
the extract being completely inactive. The reaction 
appeared to be independent of phosphate (cf. 
Kalckar, 1945). Paper chromatography (Partridge, 
1949) of the products of reaction in phosphate 
buffer indicated the presence of free ribose with no 
evidence of ribose phosphate. The debris was 
dialysed for 24 hr. against distilled water with no 
loss of activity, whether tested in the presence or 
absence of phosphate. A spore-coat preparation 
(Fig. 1) showed ribosidase activity roughly equi- 
valent te that of the ‘crude’ debris fraction on a 


dry-weight basis. 
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Fig. 7. Deamination of 2mm adenosine (O) and 2mm 
cytidine (@) in 40mm sodium potassium phosphate 
(pH 7-3) by extract from B. cereus spores. Ribosidase 
activity of spore debris in 2mm adenosine (() and 
2 mM inosine ( x ). 





The ribosidase reaction proceeded at approxi- 
mately the same rate in homogenates as in resus- 
pended debris fractions (Fig. 2). When debris pre- 
parations were tested for their ribosidase activity 
on other naturally occurring nucleosides, it was 
found that inosine was hydrolysed at approxi- 
the rate as (Fig. 7). 
Guanosine was feebly attacked, but not xanthosine 
or cytidine. 

The observation that deamination of adenosine 
was less rapid and complete in homogenates than in 
extracts (Fig. 2), whereas the ribosidase reaction 
proceeded at roughly the same rate in homogenates 


mately same adenosine 


and in resuspended debris, can now be explained. 
Both deaminase and ribosidase were present in 
homogenates. The deaminase attacked adenosine, 
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but not the product of the ribosidase reaction 
(adenine), whereas the ribosidase attacked both 
adenosine and the product of its deamination 
(inosine). Thus in homogenates the amount of 
substrate available to the deaminase was reduced 
by the ribosidase, whereas the ribosidase reaction 
was unaffected by the deamination of the substrate. 

The relationship between ribosidase activity and 
pH is shown in Fig. 6. In contrast with the 
deaminase, there was a marked decrease in activity 
in solutions more alkaline than pH 7-5. The ribo- 
sidase was remarkably heat-stable, both in intact 
resting spores and in homogenates: there was no 
appreciable loss in activity when debris prepara- 
tions, suspended in water, were heated at 100° for 
1 hr. The heat stability of these preparations sus- 
pended in 40mm™ sodium potassium phosphate 
buffer at pH 6, 7, 8 and in 40 mM borate pH 9-2 
was also tested. At pH 6, there was no loss of 
activity during 1 hr. at 100°, and only a 10% loss 
at pH 7, 8 and 9-2. 

Germinated spores of B. cereus also showed ribo- 
sidase activity of remarkable heat stability. This 
was again associated with the debris fraction after 
disintegration. When intact germinated spores 
were incubated with adenosine, a very low value 
for ribose production was obtained, although 
paper ionophoresis of the mixture indicated a 
disappearance of adenosine and formation of 
adenine and hypoxanthine. When these intact 
spores were heated at 60° for 15 min. before incu- 
bation with adenosine, the expected amounts of 
ribose appeared. The disappearance of ribose in the 
presence of intact germinated spores can therefore 
be ascribed to their ability to metabolize this 
substance. Homogenates of germinated spores 
were inactive in this respect and gave the expected 
value for ribose production without preliminary 
heating. 

Spore germination in Bacillus cereus. In Fig. 8 
the germination rate of preheated B. cereus spores 
in adenosine is compared with that of an unheated 
suspension in adenosine, inosine and an adenosine— 
tyrosine—alanine mixture. Different spore crops of 
B. cereus showed different degrees of sensitivity to 
adenosine alone (Powell & Hunter, 1955). The sus- 
pension referred to in Fig. 8 was extreme in its 
resistance to stimulation by adenosine, although 
germination proceeded rapidly in inosine and in the 
adenosine—tyrosine—alanine mixture. After heating 
at 60° for 1 hr. before incubation with adenosine, 
germination was rapid and complete. 

As we have stated (see above), deaminase assays 
on homogenates from this and similar spore sus- 
pensions before and after heat stimulation did not 
support the suggestion that the adenosine de- 
aminase system was activated during heat treat- 
ment. Results obtained from experiments with 
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spore homogenates may, however, be of doubtful 
value in attempting to correlate adenosine de- 
aminase activity in intact spores with their rate of 
germination in the presence of adenosine (Powell & 
Hunter, 1955). On the other hand, it was not 
possible to assess the adenosine-deaminase activity 
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Fig. 8. Germination of B. cereus spores in A, 1mm 
adenosine; B, 1 mm adenosine +1 mm L-tyrosine + 1 mm 
L-alanine; C, 1mm inosine. D, germination in 1 mM 
adenosine after pre-heating 1 hr. at 60°. 
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Fig. 9. Germination of B. cereus spores in 1 mm adenosine 
(Ad.) and in 1 mM inosine (In.) in 40mm sodium potassium 
phosphate (pH 6, 7-3 and 8-3). 
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of intact resting spores suspended in adenosine 
solution; in such experiments the deaminase 
activity measured was that of a mixture of resting 
and germinated forms. An interesting result was 
obtained, however, when the spore suspension 
referred to in Fig. 8 was incubated for 1 hr. with 
adenosine. There was no liberation of ammonia and 
no germination occurred, but the adenosine was 
converted entirely into adenine and free ribose, 
neither of which substances stimulates spore 
germination in B. cereus. This result provides some 
support for the suggestion that failure to deami- 
nate adenosine may lead to failure to germinate, 
and also explains why this spore suspension re- 
mained ‘dormant’ on prolonged incubation with 
adenosine. 

Since the activity of the deaminase increases and 
that of the ribosidase decreases as the pH becomes 
alkaline, it might be expected that germination of 
B. cereus spores would be more rapid and complete 
in alkaline solutions of adenosine. This was found 
to be the case. A typical set of results is shown in 
Fig. 9. On the other hand, the germination rate in 
inosine was much less dependent on pH (Fig. 9). 
This again suggests a correlation between adenosine 
deaminase activity and rate of germination in 
adenosine. 


DISCUSSION 


Perhaps the chief point of interest in this investiga- 
tion was the heat stability of adenosine deaminase 
in intact resting spores of B. cereus and its loss 
of heat stability during disintegration. In these 
properties, the enzyme resembled catalase and 
pyrophosphatase systems in extracts from resting 
B. subtilis spores (Murrell, 1952) and a glucose- 
dehydrogenase system in extracts from spores of 
B. terminalis, recently investigated by Church 
(1955). It is also interesting in this connexion that 
Keppie (1951) demonstrated heat-stable toxin in 
intact spores of Clostridium botulinum and heat- 
labile toxin in extracts from these spores after 
disintegration. We found that the adenosine 
deaminase in B. cereus spores became heat-labile 
during germination. The effect of germination on 
the other systems mentioned above does not 
appear to have been investigated. 

The simplest way of accounting for these obser- 
vations and for the high density (McIntosh & 
Selbie, 1937) and extremely low metabolism 
(Spencer & Powell, 1952; Crook, 1952) of bacterial 
spores is to postulate that their protoplasm is 
anhydrous. This view was first clearly stated by 
Lewith (1890), and has never been definitely dis- 
proved. Henry & Friedman (1937) attempted to 
compare the water content of spores with that of 
vegetative cells, and their conclusion—that spores 
and vegetative cells contained equal amounts of 
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water—appears to have been accepted until 
recently (Powell & Strange, 1953; Waldham & 
Halvorson, 1954) with less reservation than the 
authors themselves intended. Waldham & Hal- 
vorson (1954) found that dried spores of B. 
terminalis showed less affinity for water than did 
dried vegetative cells, and suggested that ‘in 
spores, the polar groups necessary to attract water 
molecules are in some way masked’. We incline to 
the view that the spore protoplasm is a highly 
condensed ‘waterproofed’ system, possibly stabil- 
ized by calcium dipicolinate and by a certain 
peptide which appears to be associated with the 
spore coat (Powell & Strange, 1953; Strange & 
Powell, 1954; Strange & Dark, 1956). The general 
structure of the spore coat itself may also con- 
tribute to this stability (see below). During 
germination, calcium dipicolinate and the peptide 
are excreted (Powell & Strange, 1953), heat re- 
sistance is lost, and the spore becomes capable of 
active metabolism. It seems possible that at this 
stage the spore protoplasm becomes hydrated 
(Lewith, 1890), some process akin to depolymeriza- 
tion occurs, and the number of reactive enzyme 
groups is greatly increased. On this basis, it might 
be expected that disruption of the spore in water 
would produce changes similar to, but less orderly 
than those occurring during germination, and that 
enzyme systems which were heat-resisting in the 
intact spore would become heat-labile and possibly 
more reactive during disintegration. In our 
experiments with the adenosine deaminase system 
of B. cereus spores, we suggest that the possible 
stimulatory effect of pre-heating on this system in 
intact spores may have been masked by the 
changes which occurred during disintegration. 
The heat stability of the adenosine ribosidase 
system which may be associated with the spore 
coat of B. cereus presents a rather different 
problem. It is possible that this heat stability is 
associated with certain other properties of the 
spore-coat preparations, e.g. their resistance to 
proteolytic enzymes (Strange & Dark, 1956). We 
found that ribosidase activity proceeded in intact 
spore suspensions unaccompanied by germination, 
and that the ribosidase system was heat-stable in 
resting and germinated spores both before and 
after disintegration. In these respects, the ribo- 
sidase resembled the alanine racemase of B. 
terminalis spores described by Stewart & Hal- 
vorson (1954). By ultrasonic disintegration these 
authors obtained an extract which contained 
10-15 % of the original activity of the spores. This 
activity was associated with particles of indefinite 
size which the authors suggested may well have 
fragments of the spore surface. 





represented 


Further ultrasonic treatment of these particles 
rendered their alanine-racemase activity sensitive 
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to heat and to attack by pepsin. It is possible 


that examination of spore-coat preparations of 


B. terminalis for alanine-racemase activity, and a 
study of the effect of ultrasonic treatment on the 
ribosidase activity of B. cereus spores might reveal 
further similarities between the two systems. 
Other enzyme systems, heat-resistant both in 
intact and distingegrated spores, and associated 
with the centrifuged deposit after disintegration, 
have been described. Thus, Murrell (1952) found 
that in addition to the heat-labile catalase present 
in extracts from disintegrated B. subtilis spores 
(see above) there was a less active heat-stable 
catalase activity associated with intact spores and 
with the centrifuged deposit after disintegration. 
This deposit also catalysed the oxidation of p- 
phenylenediamine, ascorbic acid and cysteine. 
Similar activity was shown by intact resting spores 
(Murrell, 1952; Spencer & Powell, 1952). 

It therefore seems possible that the spore 
enzymes may be divided into two types, one of 
which loses heat stability during disintegration and 
germination, whereas the other retains it. The latter 
type may be closely associated with the spore coat. 
An investigation of the chemical structure of spore 
coats is now in progress in this Laboratory, and 
may throw some light on the properties of the 
ribosidase, and possibly other heat-stable systems, 
which we cannot at the moment attempt to explain. 


SUMMARY 


1. Disintegrated resting-spore suspensions of 
Bacillus cereus deaminated adenosine and cytidine, 
but not adenine, guanosine, guanine or cytosine. 
These homogenates also showed ribosidase activity 
towards adenosine and inosine, but not towards 
guanosine, xanthosine, cytidine or uridine. 

2. The deaminase activity was associated with 
the spore extract and the ribosidase with the spore 
debris. 

3. Adenosine deaminase was heat-stable in 
intact resting spores, but heat-labile in homo- 
genates and in germinated spores. The ribosidase 
was heat-stable both in intact and distintegrated 
spores. Germinated spores showed heat-stable 
ribosidase activity. 

4. The deamination of adenosine 
oxidative and appeared not to require a cofactor. 
The ribosidase reaction produced free ribose and no 
ribose phosphate. 

5. The possible relationships between 
reactions and the germination of B. cereus spores 
in adenosine are discussed. 


was non- 


these 
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Bacterial penicillinase, which catalyses the hydro- 
lysis of penicillin to the antibiotically inactive 
penicilloic acid, was first discovered by Abraham & 
Chain (1940) in a strain of Escherichia coli and has 
since been found in a wide variety of micro- 
organisms (Abraham, 1951). Several attempts have 
been made to isolate and purify the enzyme, 
amongst which the most successful appear to have 
been those reported by Wainwright (1950), Morgan 
& Campbell (1947), McQuarrie & Liebmann (1944) 
and Murao (1950). Although preparations of high 
activity were obtained by these workers and a 
crystalline product was claimed by Murao (1950) 
and by Baudet & Hagemann (1954), no criteria of 
purity, such as electrophoretic or ultracentrifugal 
analyses, were applied, and it is difficult to compare 
the specific activities achieved by different workers 
because of the varying and often unsatisfactory 
methods of assay employed. Strains of bacteria 
vary enormously in the amount of penicillinase 
they produce and in the extent to which its forma- 
tion is stimulated by treatment of cells with 
penicillin. The organism most commonly used so 
far for isolation attempts has been Bacillus cereus 
strain NRRL 569, which produces and liberates 
into the medium large quantities of the enzyme 
after induction with penicillin (see Pollock, 1950). 


Pollock & Torriani (1953) succeeded in isdlating 
the induced enzyme from the culture supernatant 
fluid of this strain, grown in a peptone medium, to 
a point which subsequent work (Kogut, Pollock & 
Tridgell, 1956) showed to have been nearly 50% 
pure. Experience with peptone showed that the 
difficulty of eliminating high molecular-weight 
substances present in the medium outweighed any 
of its possible advantages, such as increased yield 
of enzyme, and it was decided in future to use 
casein hydrolysate. 

Late in 1953 a constitutive penicillinase- 
producing B. cereus strain, capable of forming 
large amounts of the enzyme without penicillin 
treatment, was isolated by Dr P. H. A. Sneath. 
This constitutive strain (B. cereus 5/B) appeared 
as a spontaneous mutant (Sneath, 1955) from 
a penicillin-sensitive, parent strain (B. cereus 5), 
physiologically distinct from B. cereus 569. 

B. cereus 5/B was found to produce, in the 
absence of penicillin, penicillinase activities two to 
three times those of penicillin-induced B. cereus 
569. Because of the high yield of enzyme, and the 
fact that penicillin additions to the medium during 
growth were not necessary, it was decided to use 
strain 5/B in an attempt to prepare a large batch by 
growth of cells in casein hydrolysate. 
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METHODS 


Organism. B. cereus 5/B (Sneath, 1955), as described, 
was used. 

Medium. This comprised: Casamino Acids (Difco, 
technical grade), 100 g.; KH,PO,, 32-5 g.; MgSO,,7H,0, 
2-0 g.; FeSO, (0-1%), 5 ml.; KOH to pH 7-3; water to 51. 
Sterilized by autoclaving. 

Growth of culture. A portion (2-5 |.) of culture inoculated 
with spores the previous day and, after incubation, kept at 
+2° overnight, was used to inoculate 501. of medium. 
The bulk culture was incubated at 35° under conditions of 
maximum aeration in a large cylindrical culture vessel, 
designed by Dr Monod for continuous bacterial growth, at 
the Institut Pasteur, Paris. Growth continued for 6 hr. 
until a bacterial density of 1-9 mg./ml. was attained. 
A continuous culture was then started at a medium inflow 
rate of 201./hr., until a total of 1001. had been collected. 
The culture was then cooled and the cells were separated 
in a Sharples centrifuge (temp. 14-15°). 

Penicillinase assay. All samples were diluted in 1% 
(w/v) aqueous gelatin (Difco: standardized) and_penicil- 
linase activity was measured manometrically by the 
method of Henry & Housewright (1947). A unit of enzyme 
is taken as that defined by Pollock & Torriani (1953), 
namely, the quantity capable of hydrolysing 1ymole of 
penicillin in 1 hr. at pH 7-0 and 30°. 

N estimations. The Kjeldahl method as modified by Ma & 
Zuazaga (1942) was used. For specific-activity measure- 
ments the enzyme samples were dialysed repeatedly 
against 0-01m potassium phosphate pH 7-0 to remove all 
traces of non-protein N. 


RESULTS 
Purification of penicillinase 


Stage I. The cell-free culture supernatant fluid, 
containing 2-08 x 10* units of penicillinase/ml., was 
concentrated to 161. by distillation under reduced 
pressure at 16°. To the concentrate was added very 
slowly, with constant stirring, 1-63 vol. (261.) of 
acetone at — 10°, and the mixture was left 18 hr. at 
—10°. Most of the supernatant fluid was decanted 
off and the remainder filtered at 7h The massive 
precipitate consisted largely of salts (mainly 
phosphate) from the medium byt included nearly 
all the penicillinase and other exocellular bacterial 
proteins possibly adsorbed on\ them. The peni- 
cillinase was brought into eokutiia by adding 2 kg. 
of mixed ice and water to the precipitate, leaving 
at +5° for 16 hr. and filtering. Most of the salts 
remained undissolved, but 84% of the enzyme was 
freed into solution and recovered in 1829 ml. of 
filtrate. 

Stage II. The filtrate was freeze-dried (wt. 
86-25 g.) and a proportion (24 g.) taken for further 
purification, as follows. The powder was mixed with 
70 ml. of water and dialysed directly against 0-60 
saturated ammonium sulphate at pH 7-0 (two 
changes of 11.) at +2°. The matter remaining in- 
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soluble after equilibration was spun off and dis- 
carded, and the enzyme, which remained entirely 
in solution in the supernatant fluid (90 ml.), pre- 
cipitated by addition of more ammonium sulphate 
to produce a saturated solution. 

Stage IIT. The precipitate was dissolved in 30 ml. 
of 0-1m potassium phosphate buffer, pH 7-0, and 
fractionally reprecipitated by dialysis against in- 
creasing concentrations of ammonium sulphate at 

2°. It was found that 62% of the enzyme pre- 
cipitated between 0-67 and 0-83 saturated ammo- 
nium sulphate, so all fractions soluble at 0-67 
saturation and insoluble at 0-83 saturation were 
combined and dialysed against 0-1mM potassium 
phosphate pH 7-0. 

Stage IV. This solution (7-0 ml.) was cooled until 
ice crystals began to form, and ethanol, previously 
cooled to — 20°, added slowly, drop by drop, with 
constant stirring, to a final concentration of 40% 
(w/v). The precipitated enzyme was left overnight 
at —2° and then spun down, resuspended in water 
(4:0 ml. final vol.) and just enough m potassium 
phosphate pH 7-0 added to bring the precipitate 
into solution at + 2°. It was found that 77 % of the 
enzyme had been precipitated by this treatment 
with ethanol and the final aqueous solution had 
a nitrogen content corresponding to nearly 3% 
protein. The solution had a pale brown colour and 
rapidly formed a precipitate on cooling to —2° 
from + 2°. 

Crystallization. The marked change in solubility 
with temperature at about 0° raised hopes that 
crystallization might be achieved by a gradual 
lowering of temperature from + 2°. The solution 
was transferred to a saline bath at —2° to allow 
slow cooling, but an apparently amorphous pre- 
cipitate gradually formed. It was left untouched 
for 2 weeks and was then brought to room temper- 
ature. A few crystals were noticed in the solution 
after the amorphous precipitate had dissolved; the 
tube was cooled again to — 2°, whereupon a crop of 
columnar crystals of variable size formed during 
the course of the next few days. The crystals were 
somewhat difficult to study, since they dissolved 
fairly rapidly in the mother liquor on warming to 
room temperature. A sample of crystals was spun 
down at + 2°, washed with a small quantity of iced 
distilled water (in which the crystals were insoluble) 
and dissolved in 0-1m potassium phosphate buffer 
pH 7:0 to form a clear, colourless solution. The 
specific activity of this solution was 10% higher 
than that of the original solution before separation 
of the crystals, and gave an ultraviolet absorption 
curve typical of a protein, with maximal absorption 
at 280 mu. and a ratio of absorption at 280 mu. to 
that at 260 my. of 1-78. It seemed reasonable to 
conclude that the crystals were those of penicillin- 
ase itself. 
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A summary of the isolation procedure is given in 
Table 1. It can be seen that little further purifica- 
tion was achieved by ethanol precipitation. 

Recrystallization. The remainder (62-25 g.) of the 
acetone powder (from stage I) was treated in the 
same way as described above and a good yield of 
crystals obtained. 

A sample of these crystals (approx. 20 mg.) was 
suspended in 1-0 ml. of water at + 2° and was dis- 
solved by adding the minimum quantity (about 


Table 1. 
Stages 
(as in Activity 
text) Successive fractions (units/ml.) 
Culture supernatant 2-08 x 10 
I Concentrated supernatant 1-25 x 104 
Acetone powder (28 %, of total) — 
Il Total soluble in 0-60 saturated 1-67 x 10° 


(NH,).SO, at +2 
lif Combined fractions precipitated 
between 0-67 and 0-83 satur- 
ated (NH,),SO, at +2° 
IV ___ Fraction precipitated with 
40% ethanol in 0-1m phosphate 
Crystals 
After recrystallization 


4-8 x 10° 


5-95 x 10° 





(a) 


Fig. 1. 


0-01 ml.) of M potassium phosphate, pH 7-0 and 
then left in a test tube with open end, suspended in 
a small sealed bath (12 ml.) of 30% (v/v) ethanol 
at — 2°. This technique (Low & Richards, 1954), 
designed to assist crystallization, allows very 
gradual equilibration of a volatile precipitant 
between bath and solution. After 8 days a slight, 
amorphous precipitate formed in the enzyme 
solution, which was removed from the ethanol 
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bath and left at — 2° (after shaking to dissolve the 
precipitate). After 4 days crystals of penicillinase 
began to form and gradually increased over a 
further period of 6 days (Fig. 1). A sample of 
crystals was removed, washed with cold distilled 
water, dissolved in 0-1M potassium phosphate, 
pH 7:0, and the specific activity found to be 
1-48 x 10° units/mg. of N (not significantly different 
from that of the enzyme after a single crystalliza- 
tion). 


Isolation and purification of Bacillus cereus 5/B penicillinase 


Total Specific activity 
Vol. (ml.) or activity (units/mg. of Yield 
wt. (g.) (units) non-dialysable N) (%) 
100 000 ml. 2-08 x 108 — 100 
16 000 ml. 2-01 x 108 — 97 
24 g. 5-0 x 107 2-83 x 10° 86 
30 ml. 5-0 x 107 8-45 x 10° 86 
7 mi. 3°37 x 107 1-34 x 10° 58 
4 ml. 2-37 x 10? 1-43 x 10° 41 


_ 1-59 x 10° 
— 1-48 x 10° - 






(6) 


Twice-crystallized penicillinase from B. cereus 5/B. a, x 67; 6, x 120. 


Properties of the enzyme 


Ultracentrifuging. Asample of the solution before 
separation of crystals was investigated by Hall & 
Ogston (1956; see Addendum to the next paper) 
and was found to behave in strictly homogenous 
fashion, giving a probable molecular weight of 35 200. 

Electrophoresis. A solution of the crystals was 
investigated in the Perkin—Elmer Tiselius apparatus 


ab 
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at pH 8-4 and 5-0 (Fig. 2), and the results are 
summarized in Table 2. Boundary analysis showed 
a single, apparently symmetrical peak under all 
conditions. The relatively slow mobility towards 
the cathode at pH 5-0 showed that the isoelectric 
point must be only slightly above pH. 5-0. 


Descending limb Ascending limb 


164 min. 


140 min. 





Fig. 2. Tracings of boundary patterns obtained on electro- 
phoresis of erystalline B. cereus 5/B penicillinase at 
pH 8-4 (glycine-NaCl, » =0-2). 


Table 2. 


Electrophoretic mobility (cm.?/v/sec.): 
At pH 8-4 (glycine—NaCl; p =0-2) 
At pH 5-0 (KH,PO,-NaOH; p=0-1) 


Sedimentation constant Soyo, ,, (see Hall & Ogston, 1956) 


Diffusion constant (see Hall & Ogston, 1956) 
Molecular weight (see Hall & Ogston, 1956) 


Specific activity (units/mg. of N) (mean value for crystals) 
Molecular activity (moles of penicillin hydrolysed/mole of enzyme/min. at 30°) 


EX ap, at a concn. of 1-0 mg. of N/ml. 


Amino acid content. A semi-quantitative analysis 
of the crystals by paper chromatography, after 
hydrolysis in 6N-HCl at 105° for 36hr., using a 
technique based on that described by Roland & 
Gross (1954), showed an unusually high proportion 
of glutamic and aspartic acids (together accounting 
for nearly 15 % of the total weight). Neither of the 
S-containing amino acids—cystine (assayed as 
cysteic acid) and methionine (assayed as the sulph- 
oxide)—was present in detectable quantity. 


DISCUSSION 


Pure B. cereus 5/B penicillinase forms a colourless 
solution in phosphate buffer, pH 7-0, and shows 
an ultraviolet absorption spectrum typical of a 
protein, with maximum absorption at 280 mp. and 
no evidence of any characteristic prosthetic group. 
It is insoluble in distilled water and low concen- 
tration of salts (<0-01m phosphate). It is quite 
stable on dialysis and gives no indication of 
needing any metal activator. On dilution below a 
concentration of 0-02 mg./ml. in water or aqueous 
solution of phosphate pH 7-0 considerable (though 
variable) irreversible inactivation occurs. This can 
be completely prevented by incorporation of 1% 
(w/v) gelatin in the dilution fluid. In 1% gelatin, 
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at pH 7-0, the enzyme is completely stable (for at 
least several weeks at 0°) at a concentration of 
0-1 myg./ml. (measurable by a micro-assay method 
to be described later). 

Its molecular activity (turnover no., 1-48 x 105 
molecules of substrate hydrolysed/min. by 1 mole- 
cule of enzyme at 30°) is one of the highest amongst 
known enzymes, | mg. destroying 77 g. of penicillin 
in 1 hr. at 30°. 

Although its pH/activity curve and Michaelis 
affinity constant were found not to’ be significantly 
different from those of the B. cereus 569 induced 
penicillinase (Pollock & Tridgell, unpublished), its 
apparently greater solubility in high concentrations 
of ammonium sulphate suggested that it might be 
distinct in its physicochemical properties. Indeed, 
it proved to be quite easily distinguishable from 
the 569 enzyme both by physicochemical and 


Summary of physicochemical properties of purified Bacillus cereus 5/B penicillinase 


— 3-48 x 10-5 
+ 3-6 x 10-6 
2-82 x 10-8 
7-80 x 10-7 
35 200 
1-53 x 10° 
1-48 x 10° 


7:35 


immunological criteria, as is shown in the next 
paper (Kogut et al. 1956). 

Total protein-N estimations on the culture super- 
natant fluid from a small batch grown at 35° in 
conical flasks, aerated by shaking and with the 
same order of final enzyme yield as in the ‘ bactogen’ 
culture, showed (Kogut et al. 1956) that B. cereus 
5/B penicillinase constituted 26 % of the exocellular 
protein N liberated by the cells into the medium. 


SUMMARY 


1. Penicillinase has been isolated from the 
culture supernatant fluid of a B. cereus mutant 
forming large amounts of the enzyme constitu- 
tively, and crystallized after fractionation with 
ammonium sulphate and precipitation with 40% 
ethanol. 

2. On ultracentrifugal and electrophoretic ana- 
lysis the purified enzyme appeared to consist of a 
single species of protein with an isoelectric point 
a little above pH 5-0, and a molecular weight of 
35 200. 

3. The enzyme is stable on dialysis, and there 
was no indication of the presence of any character- 
istic prosthetic group or need for a co-enzyme or 
other specific activator. 
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Purification of Penicillin-Induced Penicillinase of Bacillus 
cereus NRRL 569: A Comparison of its Properties with 


those of a _ similarly 


Purified Penicillinase produced 


Spontaneously by a Constitutive Mutant Strain 


By MARGOT KOGUT,* M. R. POLLOCK anp E. J. TRIDGELL 
National Institute for Medical Research, Mill Hill, London, N.W. 7 


(Received 8 July 1955) 


Ever since the phenomencn of microbial enzyme 
adaptation began to be studied seriously it has been 
of obvious interest and importance to determine 
the nature of the substance or substances respon- 
sible for the increase in enzyme activity that occurs 
after treatment of cells with the specific inducer. 
Although it has often been assumed—in many cases 
not unreasonably—that the development of enzyme 
activity corresponded to the production of an 
equivalent amount of some distinct, enzymically 
active protein, direct proof of this assumption (for 
Escherichia coli B-galactosidase induction) was not 
provided until quite recently (Cohn & Monod, 
1951). A further query, which could not be 
answered until the induced enzyme had _ been 
isolated and purified, was whether it showed any 
peculiarities or distinctive features that might 
place it in a class apart from ‘ordinary’ (consti- 
tutive) enzymes produced by cells spontaneously 
in the absence of inducer. More specifically this 
question may take the form of the problem as to 
whether a spontaneously produced (i.e. basal or 


* Present address: Agricultural Research Council, Unit 
for Microbiology, University of Sheffield. 


constitutive) enzyme belongs to the same molecular 
species as the catalytically similar enzyme evoked 
after addition of a specific inducer. If the ‘spon- 


taneous’ and the induced enzymes consisted of 


different types of protein molecule, the mech- 
anisms for their production would probably be 
quite distinct; and the inducer would have to be 
considered as initiating the formation of a new 
kind of protein instead of merely increasing the 
rate of production of a molecular species already 
formed to some extent in its absence. The ‘unitary 
hypothesis’, discussed by Cohn & Monod (1953), 
which postulates basically similar mechanisms for 
the formation of constitutive and induced enzymes, 
would be thus greatly weakened. 

This question, which we have attempted to 
answer in this paper, can be best approached by the 
comparative study of a purified induced enzyme 
and the catalytically similar enzyme formed by the 


same, or closely related, cells in the absence of 


inducer. Ideally, such a comparison should be 
made between purified induced enzyme and the 
constitutive moiety (usually referred to as ‘basal 
enzyme’) produced by the same cells without 





” 
“| 
o 
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added inducer. So far, however, this has not been 
achieved because of the very small amounts of 
basal enzyme formed by most inducible cultures. 
Comparisons have indeed been made with impure 
enzyme preparations in the case of the fB-galacto- 
sidase of Esch. coli (Monod & Cohn, 1952), the 
exocellular penicillinases of Bacillus subtilis and 
B. cereus (Manson, Pollock & Tridgell, 1954), and 
with partially purified B-galactosidase preparations 
from Neurospora (Landman, 1954). No significant 
differences were detected. As pointed out by 
Manson et al. (1954), however, analysis of impure 


Table 1. 
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inducible mutant ever been isolated from either 5 
or 5/B. A constitutive mutant las, however, been 
successfully isolated from the inducible strain 569. 
Table 1 illustrates the relationship of the strains 
referred to and the enzymes they synthesize. This 
constitutive strain, 569/H, produces about the 
same enzyme activities as 5/B under similar condi- 
tions, but is distinguishable from 569 only by its 
independence of penicillin for the formation of 
large quantities of penicillinase. It seemed, there- 
fore, to be a satisfactory source of enzyme for com- 
parison with the induced enzyme of 569. 


Origin and relationship of bacterial strains and penicillinases referred to in the text 


The names of the strains are printed in italics and those of the enzymes in heavy type. 





—-------- Induction with— — — — 


| penicillin 
B. cereus 5 (not inducible) B. cereus 569 B. cereus 569 
| | (Inducible) | 
| t ‘Deadaptation’ | Induced 569 
| I by 1 
| Li ~-~-~-~-~--~--- growth without -— - - + 
Basal 569 penicillin* 


Spontaneous 


, 
Spontaneous 
mutation 


mutationt 


B. cereus 5/B (constitutive) 
5/B 569/H 


* See Pollock (1950). 


preparations does not permit an accurate com- 
parison of properties such as sedimentation and 


diffusion constants, specific activity, electro- 
phoretic mobility, salt-solubility, amino acid 


analysis, ete., which might be expected to disclose 
small differences more readily than measurement 
of pH/activity curves, affinity constants, thermal 
stability, etc., carried out by these groups of 
workers. Indeed, this argument was reinforced by 
the finding that the penicillinases from B. cereus 5/B 
(see Sneath, 1955) and from _penicillin-induced 
B. cereus 569 do not differ significantly in pH/ 
activity relationships or in Michaelis constants 
(Pollock & Tridgell, unpublished), although they 
were later (see Table 3) found to be quite distinct 
in physicochemical properties. 

The nearest approach to a comparison of purified 
constitutive and induced enzymes produced in the 
same organism would be provided by a comparative 
study of the enzyme produced by closely related 
strains, differing only in the extent to which 
addition of inducer was essential for maximal 
enzyme formation. B. cereus 5, which is the parent 
strain of B. cereus 5/B (Sneath, 1955), and which 
produces no penicillinase detectable by mano- 
cannot be induced to form the 


metric assay, 


enzyme by treatment with penicillin; nor has an 


B. cereus 569/H (constitutive) 


t See Sneath (1955). 


Pollock & Torriani (1953) isolated a highly active 
preparation of induced 569 penicillinase from 50 1. 
of culture in a peptone medium. But although this 
preparation showed a single peak on electrophoresis, 
ultracentrifugal analysis (Dr A. G. Ogston, private 
communication) indicated heterogeneity, and signi- 
ficantly different sedimentation constants and 
boundary-gradient shapes were obtained with two 
separate batches prepared by similar techniques. 
It was thought possible that some contaminating 
protein ingredient of the peptone might have formed 
complexes with the penicillinase and thus have 
been responsible for these inconsistent results. The 
successful purification of B. cereus 5/B exocellular 
penicillinase (Pollock, Torriani & Tridgell, 1956) pro- 
duced in a casein-hydrolysate medium encouraged 
the hope that the same medium and methods could 
be employed for the production and purification of 
569 (induced) and 569/H penicillinases. 


METHODS OF PRODUCTION 
AND PURIFICATION 
General 


Fenicillinase assay, nitrogen estimations and specific 
activity measurements on enzyme samples. These were made 
as described in the preceding paper (Pollock et al. 1956). 
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Organisms. (a) B. cereus, NRRL 569 (referred to as 569): 
the inducible strain used for previous work on penicillinase 
adaptation (see Pollock, 1953). Treatment of cells with 
penicillin will cause up to a 500-fold increase in the rate of 
penicillinase formation. ’ 

(b) B. cereus 569/H (referred to as 569/H). This consti- 
tutive mutant, derived from 569 was isolated as follows. 
As previously pointed out (Manson et al. 1954), inability to 
isolate a constitutive mutant by subculture of the inducible 
strain in a penicillin-containing medium could be attributed 
to the negligible selective advantage that such a mutant 
might have in the presence of rapidly inducible parent 
cells. For this reason no velvet-pad isolation (Lederberg & 
Lederberg, 1952) was ever attempted. Instead, five large 
square dishes (normally used for antibiotic assay; Kantoro- 
wicz, 1951) were prepared as follows: bottom layer: 150 ml. 
of ‘S’ peptone broth, pH 7-6 (Pollock & Perret, 1951) con- 
taining 1-5% agar; middle layer: 100 ml. of ‘S’ broth with 
3% agar inoculated with 10° spores of 569; top layer: 100ml. 
of ‘S’ broth with 3% agar. All layers contained 4% of 
Andrade indicator (colourless at pH 7-6). The plates were 
incubated at 30° for 16 hr. Growth appeared as a semi- 
confluent ‘haze’ of micro-colonies. A solution of penicillin 
(10 ml.; 2 x 10° units/ml.) was added to each plate, which 
was left on a levelled table at room temperature and care- 
fully inspected every 10 min. After 45 min. one small pink 
area (indicating hydrolysis of penicillin to penicilloic acid) 
was noted in one of the plates. The agar including this pink 
spot was cut out, fragmented, and incubated for 4 hr. in 
5 ml. of broth, a drop of which was then streaked on plates 
of nutrient agar containing Andrade indicator. Incuba- 
tion of these plates overnight at 35°, followed by addition 
of concentrated penicillin solution, resulted in rapid 
development of pink colour around 30% of the colonies, 
showing them to be constitutive penicillinase producers; 
the 569/H strain was thus purified. In order to be certain 
that this single micro-colony was derived directly from 569, 
and was not an aerial contaminant, the whole procedure 
was repeated with spores of a doubly marked strain 
(isolated by Dr P. H. A. Sneath) derived in two successive 
steps from 569. This double mutant (569/f/1) could be 
identified by its resistance to streptomycin and by the 
formation of a characteristic yellow pigment which was 
liberated into the surrounding medium. A constitutive 
penicillinase mutant was isolated in a similar manner 
from a total 510° spores of 569/f/1, and, on testing, 
was found to be streptomycin-resistant and capable of 
producing a yellow pigment. It thus seemed reason- 
able to conclude (a) that 569/H was likewise derived 
by mutation from 569, and (b) that the transforma- 
tion was due to a single spontaneous mutation, occur- 
ring before addition of the penicillin, which can have 
acted (in the 45min. elapsing between its addition 
and evidence of penicillinase action) only as an indicator 
of enzyme already formed by the micro-colony under 
test. 

Medium (CH/C). This comprised: Difco casamino 
acids (technical), 10 g.; KH,PO,, 2-72 g.; sodium citrate, 
5°88 g. dissolved in 200 ml. of water; conc. NaOH solution 
added to give pH 7-2, and water to 11. It was sterilized 
by autoclave. A portion (10 ml.) of a solution containing 
0-51 g. of MgSO,,7H,O and 3 ml. of a 0-16% solution of 
(NH,),Fe(SO,).,6H,O was autoclaved and added to the 
solution, separately. 
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Enzyme production 


The first attempt at large-scale production and isolation 
of B. cereus 569 induced penicillinase from a casein- 
hydrolysate culture in a 3201. deep fermenter ended in 
failure. The reasons for this were: (1) Low enzyme titre 
following induction in the casein-hydrolysate medium; 
(2) inactivation of the enzyme by excessive foaming, which 
could not be completely controlled in the deep fermenter, 
even by continual addition of Silicone antifoam; (3) large 
losses of enzyme which occurred during the preliminary 
concentration of 3201. of supernatant fluid by distillation 
under reduced pressure (lasting 2-5 days) and final concen- 
tration by pressure dialysis. 

It was clear that, before proceeding further, it would be 
necessary to solve the problems (a) of enzyme stabilization 
in the casein-hydrolysate medium during and immediately 
after culture, and (5) of rapid and efficient concentration of 
enzyme from large volumes of culture supernatant fluid. 
The first problem was solved by Mlle Torriani of the 
Institut Pasteur, Paris, who found that the incorporation 
of 0-02 potassium citrate in the medium prevented losses 
of enzyme during and after growth, and who generously 
passed on this information to us. A proteinase liberated 
by the cells into the culture medium had been previously 
suspected of causing inactivation of penicillinase. Thus it 
seems possible that the citrate prevents destruction of the 
penicillinase by reducing the concentration of Ca** and 
Mg** ions, thereby inhibiting the production or action, or 
both, of the proteinase (Gorini & Fromageot, 1950). 

The second problem was solved by the chance observa- 
tion that the enzyme was completely removed from solution 
after passage through an ordinary, porosity-grade 5, 
bacteriological sintered-glass filter. It could be largely 
recovered by treatment of the glass filter with a high con- 
centration of phosphate buffer. Small-scale trials with the 
fine-mesh glass powder used for making these filters 
(Baird and Tatlock) showed that 95% of the enzyme could 
be absorbed on the glass from the casein-hydrolysate— 
citrate medium and up to 90% rapidly eluted by 0-5- 
saturated (NH,),.SO, solution at pH 8-5. This elution 
technique offered the additional advantage of allowing the 
removal, at the same time as the glass, of any proteins 
which, unlike penicillinase, were insoluble in 0-5-saturated 
(NH,).SO,. The penicillinase eluted from glass was later 
found to be practically free from other protein. Thus in one 
simple manoeuvre it was possible both to concentrate and 
purify the enzyme from large quantities of culture, with 
relatively slight loss. 

Absorption on glass surfaces has also been tried by 
Rasmussen (1954), who used pulverized quartz sand for the 
partial purification of testicular hyaluronidase. In general, 
however, it seems that this technique might be better 
suited for the concentration and purification of proteins 
from large volumes of very dilute solutions. 

A large batch of B. cereus 569 uninduced culture was also 
grown, primarily in order to obtain enough ‘basal’ enzyme 
at comparatively high concentration to permit an im- 
munological study of its properties, including precipitation 
and absorption of antibodies prepared against the induced 
enzyme (Pollock, 1956). 

The methods adopted for the various enzyme prepara- 
tions differed only as follows: (a) Basal enzyme. Inoculum: 
strain 569; no additions to medium during growth. 





a 
a 
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(b) Induced enzyme. Inoculum: strain 569; penicillin 
(final concen. 1 unit/ml.) was added to the culture when the 
concentration of cells reached 0-1 mg. dry bacterial wt./ml. 
and further penicillin (final concn. 100 units/ml.) when a 
concentration of 0-25 mg./ml. was attained. (c) Consti- 
tutive enzyme. Inoculum: strain 569/H; no additions. 

Spores were inoculated into a small volume (100 ml.) of 
S broth and the resulting culture added to 51. of the CH/C 
medium and shaken at 35° until an opacity corresponding 
to about 0-5 mg. dry bacterial wt./ml. was attained. This 
was added to 3201. of CH/C medium in a 100 gal. deep 
fermenter at 35°, and the mixture stirred rapidly and 
aerated by a sparger from below. Growth was allowed to 
continue up to a cell concentration of about 1-0-1-5 mg./ 
ml. Foaming was troublesome towards the end of growth 
and was controlled by addition of minimal quantities 
(usually 20-50 g.) of silicone A antifoam dissolved in light 
petroleum. The pH increased slightly up to about 7-8 and 
was prevented from rising higher by addition of cone. HCl. 
The whole culture was then cooled to 0° and the cells 
separated in a Sharples centrifuge. Only about 15% of the 
total enzyme activity remained associated with the cells. 

For 569/H, enzyme production was combined, on the 
ground of economy, with an experiment on the incorpora- 
tion of 8-azaguanine into bacterial ribonucleic acid under- 
taken by Matthews & Smith (unpublished). This involved 
the addition of 40 wg. of 8-azaguanine/ml. to the culture at 
a bacterial density of 0-8 mg./ml. and subsequent incuba- 
tion for a further 2-5 hr., during which period further 
growth and enzyme production were almost completely 
inhibited. In all other respects (apart from the absence of 
penicillin) the culture was grown in the same manner as 
569, and since 90% of the enzyme had been formed before 
addition of 8-azaguanine it was not thought likely at the 
time that the preparation, referred to as 569/H(1), would 
be significantly affected. 


Isolation of enzymes 


Here again the methods used for the various types of 
enzyme differed only in minor details, except where 
specifically indicated. The basic procedure was as follows: 

Absorption on, and elution from, glass. Glass powder 
(1 kg.) was added to the supernatant fluid and left therein 
overnight (90-95% maximal absorption is, in fact, 
attained within 3 hr.), with occasional stirring. The glass 
was then removed in the Sharples centrifuge and treated 
with 500 ml. of acetone, previously cooled to -—20°, in 
order to remove lipids which otherwise proved troublesome 
during subsequent ammonium sulphate precipitation. It 
was later found preferable to wash the remaining acetone 
off the glass with two lots (each 11.) of 0-02m potassium 
citrate (pH 7-0) before eluting the enzyme. But in the 
preparations referred to here the glass was treated, im- 
mediately after centrifuging from acetone, with three 
successive lots of 400ml. of 0-5-saturated (NH,),SO, 
solution containing 0-1M potassium phosphate brought to 
pH 8-5 by addition of aqueous NH; solution. 

Elution is very rapid and the glass can be spun off as 
soon as it has been evenly suspended in the (NH,),SO, 
solution. It was found that 1g. of glass would absorb 
approximately 1 mg. of penicillinase, so that adjustment of 
the quantity added may be necessary for very high enzyme 
titres. Large quantities of other protein may, however, 


M. KOGUT, M. R. POLLOCK AND E. J. TRIDGELL 


1956 


inhibit absorption. It was found impossible, for example, 
to absorb even small amounts of penicillinase in the 
presence of 1% of gelatin. The glass powder can be used 
again (preferably after ‘titration’ of a sample with culture 
supernatant fluid containing penicillinase to determine its 
enzyme-absorbing power) after washing with distilled 
water, warming with 10% (w/v) NaOH solution until no 
further NH, is released and subsequent washing with 
water to remove the NaOH, followed by drying at 105°. 
Ammonium sulphate fractionation. The enzyme dissolved 
in the combined eluates was precipitated at +2° by 
addition of more (NH,),SO, to 1-0 saturation (707 g. of the 
salt dissolved in 11. of water) at pH 7-0 and the mixture 
set aside overnight at —2°. The precipitate (later found to 
be almost pure penicillinase in the batches of induced and 





, 


wa 


constitutive enzymes) was filtered off on a Biichner funnel, ; 


dissolved in a minimal volume (usually about 50 ml.) of 
0-1m potassium phosphate buffer, pH 7-0, and dialysed 
free of (NH,).SO, against three changes of 0-01 M potassium 
phosphate buffer, pH 7-0. After this dialysis, the sac 
containing the enzyme solution (now increased in volume 
to about 100 ml.) was dialysed against (NH,),SO, solution 
(pH 7:0), which was adjusted so that the concentration, 
after equilibration, would be 0-60 saturated. The slight 
precipitate that appeared was spun off and discarded, and 
the supernatant dialysed successively against 0-67-, 0-75- 
and 0-83-saturated (NH,),SO, at pH 7-0. The fractions 
precipitated at 0-67- and 0-75-saturated 
(containing about 80% of the total enzyme) were combined 
and dissolved in a small volume (about 10 ml.) of 0-Im 
potassium phosphate, pH 7-0, and dialysed against 0-1m 
potassium phosphate, pH 7-0, to remove all (NH,),SO,. 
Ethanol fractionation. The 569/H penicillinase was 
further fractionally precipitated with ethanol (previously 
cooled to —20° and added slowly, with constant stirring, 
to the enzyme in 0-1m phosphate at —2°), at concentra- 
tions rising from 36 to 50% (v/v). No increase in specific 
activity was obtained by this ethanol fractionation, and 
it was not applied to the 569 induced enzyme. The ethanol- 
precipitated 569/H enzyme fractions were dissolved in 
0-1m potassium phosphate, pH 7-0, and concentrated by 
precipitation in saturated (NH,),SO,, 
4-0 ml. of the phosphate buffer and dialysed free from 
(NH,).SO, against 0-1m potassium phosphate, pH 7-0. 
With very small samples it was possible to elute up to 
75% of the enzyme absorbed on the glass, but with the 
larger batches it was not possible to elute more than 60%. 
Some loss may have occurred during acetone treatment, 
owing to denaturation of the enzyme. Subsequent losses— 
during (NH,),SO, and ethanol fractionations—were 
relatively small. With care, an overall yield of about 50% 
could be obtained after the (NH,),SO, fractionation, when 
purification of the enzyme is completed. With the basal 
569 enzyme, so little precipitate was obtained on addition 
of saturated (NH,),SO, after elution from glass that it was 
all dissolved in only 10 ml. and, after dialysis against 0-1m 
potassium phosphate, pH 7-0, was precipitated in one step 
with 0-83-saturated ammonium sulphate and the precipitate 
finally dissolved in 1-4 ml. of 0-1m potassium phosphate, 
pH 7-0, and not further treated. 
Table 2 gives a full summary of the isolation procedures, 
yields and specific activities of the three preparations. 
Crystallization. After several unsuccessful attempts to 
crystallize the induced 569 enzyme from (NH,).SO, 


(NH,).S0, | 


redissolved in ~ 
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solution, it was twice precipitated from solution in 0-1mM 
potassium phosphate pH 7-0 by 50% (v/v) ethanol, then 
dissolved in the minimum amount (4ml.) of 10-?m 
potassium phosphate, pH 7-0, at +2° and suspended in a 
sealed bath of 40% (v/v) ethanol at -2°, the technique 
described by Pollock et al. (1956) for the recrystallization of 
3. cereus 5/B penicillinase being used. After 28 days the 


(a) 
Fig. 1. 


Table 2. 
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Crystals of penicillin-induced penicillinase from B. cereus NRRL 569. a, 


Purification of penicillinase produced by (a) B. cereus 569/H (constitutive strain) 
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enzyme solution was removed from the bath, further 
ethanol added until precipitation just began and left at 
— 2°. Thirteen days later, long columnar crystals began to 
appear and collected slowly during the following 5 days 
(Fig. 1a). These crystals were examined by Mrs O. Kennard 
in a polarizing microscope and compared with crystals of 
the 5/B penicillinase (Pollock et al. 1956). Their extreme 





x90: b, x 400. 


without penicillin treatment (‘constitutive enzyme’) 


(a) 569/H (constitutive enzyme) 





Vol. 
(ml.) 


320 000 


Stage of purification 


Culture supernatant fluid 


v 
Absorbed on glass powder (1 kg.) 3 


¥ 
Combined eluates from glass—in 1310 
0-5 saturated ammonium sulphate 
| 
Y 
After conen. by pptn. in saturated 106 
ammonium sulphate and dialysis v. 
phosphate 
. Y . 
Ammonium sulphate fractions: 
0-60 saturated soln. 49-5 
1 
{ 0-67 saturated ppt. (dissolved) 8-5 
[ | 0°75 saturated ppt. (dissolved) 6-0 
0-83 saturated ppt. (dissolved) 3-2 
Combined fractions pptd. at 0-67 and 14-5 
0-75 saturated ammonium sulphate 
dissolved in phosphate 
Ethanol fractions: 
36% ppt. (dissolved) 3-0 
40% ppt. (dissolved) 2-0 
43% ppt. (dissolved) 1-5 


50% ppt. (dissolved) 1-5 


(units x 10-7) 


a Y 
Specific activity 
(u. x 10-*/mg. 

protein N) 


Yield 
(% orig. 
activity) 


Total 
activity 


44-2 100 “ 
14-8 33-5 a+ 
13-2 30-0 2-16 
12-5 27-3 = 
4-55 - 2-13 
4-32 -— 1-89 
0-83 — 1-27 
8-9 20-2 2-11 
4-23 2-22 
1-34 2-27 
0-54 2-18 
1-38 1-93 
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Table 2 (cont.). (b) B. cereus 569 (inducible strain) (i) with penicillin treatment (‘induced enzyme’) ; 


(ti) without penicillin (‘basal enzyme’) 


(b) 569. (i) Induced (induced enzyme) 








Yield 
Total mg. 
Vol. activity % original protein N/I. 
Stage of purification (ml.) (units x 10-7) activity supernatant 
Culture supernatant fluid 320 000 32-6 100 3-55 
v 
Absorbed on glass powder (1 kg.) - — - 
| 
a 
Combined eluates from glass—in 1010 19-5 60-0 
0-5 saturated ammonium sulphate 
| 
v 
After conen. by pptn. in saturated 199 16-2 49-8 - 
ammonium sulphate and dialysis v. 
phosphate 
Ammonium sulphate fractions: 
‘ 0-60 saturated soln. 100 15-0 46-0 -— 
Y 
( 0-67 saturated ppt. (dissolved) 4-9 2-85 
[| 0°75 saturated ppt. (dissolved) 6-5 9-35 - - 
| 0-83 saturated ppt. (dissolved) 2-4 1-87 - 
Combined fractions pptd. at 0-67 and 11-9 12-9 39-6 0-211 
0-75 saturated ammonium sulphate 
dissolved in phosphate 
Crystals — — - 
(b) 569. (ii) Not induced (basal enzyme) 
aes Soe oe _ , ~ 2 
Yield 
Total mg. 
Vol. activity % original protein N/I. 
Stage of purification (ml.) (units x 10~*) activity supernatant 
Culture supernatant fluid 260 000 0-071 100 
Absorbed on glass powder (1 kg.) - 
Combined eluates from glass—in 2 200 0-0213 30-0 — 
0-5 saturated ammonium sulphate 
After conen. by pptn. in saturated 14-0 0-0062 8-8 
ammonium sulphate and dialysis v. 
phosphate 
Ammonium sulphate fractions: 
0-60 saturated soln. 11-5 0-0066 9-3 
{ 0-67 saturated ppt. (dissolved) 
[ | 0-75 saturated ppt. (dissolved) - 
0-83 saturated ppt. (dissolved) -- 
Combined fractions pptd. at 0-67 and 1-4 0-0058 8-2 0-0055 


0-75 saturated ammonium sulphate 
dissolved in phosphate 





Specific 
activity 
(u. x 10-*/mg. 
protein N) 


0-287 


1-95 
2-30 
1-68 


2-18 


2-02 


Specific 
activity 
(u. x 10-®/mg. 
protein N) 


0-040 


‘mg. 
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fragility made detailed crystallographic studies difficult. 
Both types of crystals were birefringent. Although very 
similar in form they were easily distinguishable by their 
angles of extinction, which differed by about 16°. 

The yield of large crystals was poor, and there was a 
tendency towards gel formation at —2°. Repetition of the 
ethanol treatment applied to the mother liquor produced 
more crystals which, however, were firmly fixed to the 
sides of the glass tube and were exceedingly fragile, so that 
after freeing them into a suspension they appeared to be 
fragmented and irregular (Fig. 1b). A solution of these 
crystals in dilute potassium phosphate (pH 7-0) showed 
a typical protein absorption curve between 240 and 
300 mp. and had a specific penicillinase activity of 
2-02 x 10® units/mg. N, which is not significantly different 
from that of the mother liquor. 


COMPARISON OF INDUCED AND 
CONSTITUTIVE PENICILLINASE 


Crystallization was not achieved before the work 
reported here had been completed. All physico- 
chemical analyses were done on the purified enzyme 
preparation before crystallization. 


569 (induced) and 569/H enzymes 
Electrophoresis. Both preparations were studied 
at pH 8-4 and 5-5 in the Perkin-Elmer electro- 
phoresis apparatus. Fig. 2 shows tracings of the 


(2) 569/H 
Ascending limbs 
— 






Descending limbs 


214 min. 





220 min. 










Induced 


(b) 569 
256 min. 261 min. 





Fig. 2. Tracings of boundary patterns shown by purified 
penicillinases from (a) B. cereus 569/H (constitutive 
enzyme: concn., approx. 0-3%) and (6) B. cereus 569 
(induced enzyme: concn., approx. 1-0%) on electro- 
phoresis in glycine—-NaCl buffer, pH 8-4, »=0-2. 


boundary patterns at pH 8-4, and the mobilities 
are recorded in Table 3. Both preparations show 
single peaks, even after 4 hr.; but whereas those 
of the 569 induced enzyme are almost symmetrical, 
the 569/H(1) penicillinase gives indications of some 
heterogeneity. The isoelectric point, for both 
enzymes, must be slightly below pH 5-5. 

Solubility in ammonium sulphate. Small samples 
of both enzymes were dialysed against increasing 
concentrations of (NH,),SO, at pH 7-0; and at 
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each concentration, after equilibration had been 
reached, the precipitate was spun off and the 
enzyme activity in the supernatant fluid measured 
in triplicate. No further direct determinations of 
protein N were made because (as shown in Table 2) 
the specific activities of fractions precipitated at 
concentrations of (NH,),SO, between 0-60 and 0-75 
saturation did not, in either case, show any marked 
differences. The work of Itano (1953) on detection 
of differences between the electrophoretically 
indistinguishable human haemoglobins b (sickle- 
cell) and d by comparing their solubilities in high 
concentration of sodium sulphate suggested that 
analogous differences might be detected in these 
two penicillinase preparations. Fig. 3, however, 
shows that no differences in solubility were 
apparent. 

Ultracentrifuge. A determination of sedimenta- 
tion and diffusion constants of 569 induced and 
569/H(1) enzyme preparations was carried out by 
Hall & Ogston (see Addendum). In view of the 
striking similarity between the two enzyme pre- 
parations when compared by other criteria, the 
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A: 035 0-40 0-45 
B: 035 0-40 


Concn. of ammonium sulphate (g./ml.) 


Logi (units of penicillinase in solution/ml.) 


0-45 


Fig. 3. Solubilities in ammonium sulphate of penicil- 
linases from: A, B. cereus 569/H (constitutive enzyme); 
B, B. cereus 569 (induced enzyme) ; expressed by plotting 
logy (units of enzyme activity remaining in solution/ml.) 
(ordinate) against the concentration of ammonium 
sulphate at +2°, pH 6-44-6-70 (abscissa). 


slight, but significant differences in sedimentation 
and diffusion constants (giving, however, on calcu- 
lation, similar molecular weights) were thought 
possibly to be due to artifacts arising from effects 
of the ethanol precipitation on the 569/H prepara- 
tion. In order to test this possibility 30 mg. of the 
569 induced enzyme, dissolved in 2-0 ml. of 0-1mM 
potassium phosphate pH 7-0, were precipitated 
with 75 % (v/v) ethanol and redissolved in 3-0 ml. 
of the buffer and dialysed against a saturated 
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solution of (NH,),SO,. The precipitate was dis- 
solved in 1-5 ml. of 0-1m phosphate and dialysed 
against a buffer solution containing 0-1M-NaCl, 


0-067M-KH,PO, and 0-05mM-Na,HPO,, pH 7:2. 
This solution of the enzyme (concen. approx. 


0-9 %) was run in the Spinco analytical centrifuge 
(18 mm. cells) at 50950 r.p.m. and the sedimenta- 
tion boundary compared with that of a sample of 
the same enzyme, untreated with ethanol, run 
under identical conditions. No significant differ- 
ences in boundary shape or sedimentation rate 
were observed, and it was therefore concluded that 
the differences found in the first place between 569 
induced and 569/H(1) could not be attributed to 
the ethanol precipitation of the latter. Thus the 
possibility had to be seriously considered that the 
addition of 8-azaguanine to the culture (see above) 
might have affected the properties of the 569/H(1) 
enzyme preparation in some way. A small fresh 
batch of 569/H penicillinase was therefore pre- 
pared from 101. of culture distributed in ten 5 1. 
conical flasks shaken at 35°. The methods of pro- 
duction and extraction were, proportional to the 
quantity of enzyme formed, exactly those described 
under ‘Methods of production and purification’, 
except that the culture was incubated for 40 hr. 
and a higher enzyme titre (4700 units/ml. of culture 
supernatant fluid) so obtained. The overall yield 
at the stage of concentration by precipitation with 
saturated ammonium sulphate was 52%. There- 
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after, the enzyme was precipitated three timés with 
0-75-saturated (NH,),SO, at +2° (the precipitate 
being dissolved in, and dialysed against, 0-I1m 
potassium phosphate pH 7:0 between successive 
precipitations) ; it was finally dissolved in 2-5 ml. of 
0-1mM potassium phosphate pH 7-0 at a concen. of 
about 1%. The enzyme was found to have a 
specific activity of 1-95 x 10° units/mg. of N. The 
results of an ultracentrifugal analysis of this control 
569/H(2) preparation (see Addendum and Table 3) 
showed that it differed significantly from 569/H(1), 
suggesting that addition of 8-azaguanine may 
possibly have affected the properties of the peni- 
cillinase subsequently isolated. Moreover, the 
sedimentation and diffusion constants of 569/H(2) 
do not differ significantly from those of the 569 
induced penicillinase. 

A comparison of the biological and physico- 
chemical properties of the enzyme preparations is 
summarized in Table 3. 


569 Basal enzyme 


The total amount of protein obtained after 
fractionation of the uninduced 569 culture super- 
natant was only about 2-5 %, and the total enzyme 
activity only 0-02%, of that obtained from the 
induced culture grown to the same _ bacterial 
density (Table 2). The percentage recovery was 
much less than with the other preparations, prob- 
ably because of the losses due to the inevitably 





Table 3. Summary of physicochemical properties of purified penicillinase from B. cereus 569, induced with 
penicillin (‘induced enzyme’) and from B. cereus 569/H, untreated with pencillin (‘constitutive enzyme’) 


Comparative figures for B. cereus 5/B constitutive penicillinase (see Pollock e¢ al. 1956) are given in the last column in 
order to illustrate some of the properties in which it differs from the 569 and 569/H enzymes. 


569/H 


Constitutive penicillinase 569 5/B 
Tnduced Constitutive 
Prep. (1) Prep. (2) penicillinase penicillinase 
Electrophoretic mobility (cm.?/v/sec.) 
Glycine-NaCl, 1 =0-2, pH 8-4 
Ascending boundary — 1-73 x 10-5 — — 1-68 x 10-° =A 
Descending boundary — 1-65 x 10-5 — -— 1-70 x 10-° — 3-48 x 10-° 
Acetate, 4 =0-2, pH 5-5 
Ascending boundary — 0-55 x 10-5 — — 0-63 x 10-6 _ 
Descending boundary — 0-45 x 10-5 = — 0-49 x 10-° — 
Specific enzyme activity (u./mg. of protein N) 2-11 x 106 1-95 x 108 2-02 x 106 1-53 x 108 
Sedimentation constants Soo, ,, (Hall & Ogston, 1956) 
Approx. protein concn. 0-9% 2-83 x 10-18 2-65 x 10-8 2-68 x 10-18 —_— 
03% 2-80 x 10-18 — 2-66 x 10-18 2-82 x 10-" 
Diffusion coefficient (Hall & Ogston, 1956) 9-01 x 10-7 8-38 x 10-7 8-28 x 10-7 7-80 x 10-7 
Molecular weight (Hall & Ogston, 1956) 30 600 30 800 31 500 35 200 
Molecular activity (molecules substrate hydrolysed/ 1-62 x 105 1-53 x 10° 1-60 x 10° 1-48 x 10° 
mol. of enzyme at 30°, pH 7-0) 
Salting-out constant expressed as mean decrease 0-0754 -—: 0-0748 a 
in logy) units of enzyme activity remaining in 
solution/ml./mg./ml. increase in concn. of 
ammonium sulphate (+ 2°) (see Fig. 3) 
£20™H. at concn. of 1-0 mg. N/ml. 6°35 — 6-0 7°35 
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greater dilution of the enzyme that occurred 
during the first stages of fractionation after elution 
from the glass. No accurate quantitative study of 
the basal enzyme, from a physicochemical point of 
view, was of course possible; but there was enough 
material for some quantitative, immunological 
precipitation tests. 


Immunology 


A detailed immunological comparison, by neutral- 
ization and precipitation tests reported elsewhere 
(Pollock, 1956), showed no significant differences 
between the three preparations 569/H, 569 


> (induced) and 569 (basal), although they were 


easily distinguishable from the 5/B penicillinase. 
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(6b) A sample (250 ml.) of supernatant fluid was 
concentrated to about 50 ml. by evaporation at 
37° under reduced pressure in the apparatus of 
Craig (1950). The concentrate was dialysed under 
pressure against 10-*m potassium phosphate 
(pH 7-0) until further reduced to about 2-0 ml., 
when the sac was tied off, and further dialysed 
against five changes of 11. of 10-*m potassium 
phosphate pH 7-0. A certain amount of insoluble 
matter remained, but the whole was made up to 
a volume of 7-5 ml., and 1-5 ml. samples were 
analysed for N content in duplicate before and after 
removal of insoluble matter by centrifuging. 

Table 4 summarizes the results found with 
cultures grown to about the same bacterial density 


Table 4. Exocellular protein concentrations in cultures of B. cereus grown 
in casein hydrolysate—casein (CH/C) medium 


Protein estimations 


(ug./ml. culture 


| 


Exocellular protein production by Bacillus cereus 


Total protein estimations on the untreated 
culture medium after centrifuging off the cells was 
not done on the large batches. In order to deter- 
mine the specific activity of the enzyme in the 
culture medium before its isolation, four 11. 
batches of 5/B, 569/H and 569, induced and un- 
induced, were incubated in 51. conical flasks, 
shaken at 35°, until a cell concentration of about 
1-4mg./ml. had been attained. The cells were 
removed by centrifuging and, after enzyme activity 
had been assayed, the protein content of the super- 
natant fluid was estimated by two different 
methods, as follows: 

(a) The proteins in 2-5 ml. samples were first 
precipitated with 5% trichloroacetic acid (TCA) 
and the precipitate was washed twice with 5% 
TCA, dissolved in alkali and treated with the 
copper reagent and Folin reagent as described by 
Lowry, Rosebrough, Farr & Randall (1951), the 
blue colour being compared against standards of 
25, 50, 75 and 100 yg. of crystalline bovine serum 
albumin. 





supernatant) 
Penicillinase — A—— ~ Kjeldahl N 
Final activity Total (ug-/ml.) Specific  Penicillinase 
growth in culture protein Protein N ———__~———__._ activity N as % of 
yield supernatant (albumin (albumin Total non- Soluble non- (u./mg. of total non- 
Culture (mg./ml.) (u./ml.) standard) standard) diffusible _— diffusible total N) —dialysable N 
Uninoculated ~ ~ <0-2 <0-03 <0°5 <05 ~ ~ 
medium 
569 (not 1-4 5-5 41:5 6-6 5-08 3-99 1-07 x 10° 0-05 
induced) 
? 569 (induced) 1-35 7-6 x 10? 32-8 5-2 3-98 3-27 1-91 x 10° 8-9 
569/H 1-3 2-47 x 10° 52-0 8-3 9-82 6-98 2-52 x 10° 1K7 
5/B 1-52 2-71 x 108 48-3 7-7 6-55 5-58 4-13 x 10° 26-5 


as in the large preparation batches. The figures for 
total non-dialysable N show fair agreement 
(within 20%) with those for protein N estimated 
against an albumin standard. The amount of 
exocellular protein formed by these strains is 
relatively low, corresponding to only about 3 % of 
the dry weight of the cells. However, penicillinase 
forms a high proportion of this exocellular protein, 
amounting to nearly one-third (26%) in the con- 
stitutive B. cereus 5/B and nearly one-tenth in the 
induced 569 culture. 


DISCUSSION 


The 569 induced and the 569/H penicillinases do 
not differ significantly in any of the properties 
investigated. The slight discrepancy, of less than 
7%, found between the two preparations of 569/H, 
in sedimentation and diffusion constants, must be 
provisionally ascribed to some unknown effect of 
the 8-azaguanine added to the culture medium of 
the 569/H(1) batch, although only 10% of the 
total enzyme was formed after addition of this 


compound. The possibility that this guanine 
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analogue, which is known to be incorporated into 
the ribonucleic acid of B. cereus 569 and 569/H 
(Smith & Matthews, unpublished), may have 
influenced protein synthesis in some manner, is 
being further investigated. 

The mean specific activity found for the 569 
induced penicillinase was a little over twice that 
obtained on isolation of the enzyme from a peptone 
medium by another method (Pollock & Torriani, 
1953). It seems likely, therefore, that earlier 
results were to some extent vitiated by contami- 
nating protems from the peptone forming rela- 
tively stable complexes with the enzyme. This may 
also partly explain the curious results of Baudet & 
Hagemann (1954), who claim to have obtained a 
‘highly purified’ preparation of induced penicil- 
linase, from the same strain (B. cereus 569) grown 
in a peptone medium, which had a specific activity 
less than 1/30 of the preparation described here. 

The conclusion of Pollock & Torriani (1953) 
about the catalytic action of penicillin as inducer 
for penicillinase production in B. cereus remains, 
however, unaffected. Assuming a mol.wt. of 
31000 and a specific activity of 2 x 10° units/mg. 
protein N, it can be calculated that in CH/C or 
broth at 35° the quantity of penicillinase formed by 
B. cereus 569 after induction by penicillin corre- 
sponds to the production of between 30 and 40 
molecules of enzyme per hour for every atom of 
penicillin sulphur specifically fixed on the cells. 
It has previously been shown (Pollock & Perret, 
1951; Pollock, 1952) that the rate of penicillinase 
formation is proportional to the amount of peni- 
cillin sulphur specifically fixed on the cells after 
treatment with *S-labelled penicillin and removal 
of all free penicillin by repeated washing or by 
destruction with penicillinase. In whatever manner 
penicillin functions as inducer of penicillinase, it 
must therefore act, directly or indirectly, in the 
role of catalyst. These results are consistent with 
the ‘organizer’ theory of enzyme induction pro- 
posed by Pollock (1953) and by Cohn & Monod 
(1953). 

It is significant that, with the uninduced 569 
culture, the amount of protein obtained by the 
procedure designed for specific isolation of induced 
or constitutive penicillinase was only 2-5 % of that 
obtained from a parallel, induced culture of the 
same organism. This demonstrates that induction 
of penicillinase corresponds to the formation of 
a specific protein with distinct physicochemical 


properties. The fact that the specific activity 


of the basal enzyme preparation was only 2% 
of that of the induced preparation is not of any 
significance when the total material available for 
purification was so minute. If, indeed, the basal 
and induced enzymes are identical the total weight 
of basal enzyme available during the final stages of 
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fractionation was only about 0-2 mg., obviously far | 
too small an amount to isolate and purify by these | 
methods. It seems much more likely that the low 
specific activity of the basal enzyme preparation is 
due to the presence of an impurity, small in absolute 
quantity but large in proportion to the amount of 
basal enzyme, which is possibly also present in the 
induced preparation. The presence of only 2-5 % of 
impurity in an uncrystallized preparation of a 
protein might be considered hardly surprising, so 
that the finding of such small amounts of protein 
after fractionation of the uninduced preparation 
may, not unreasonably, be taken as indicating the 
approximate degree of purity of the induced enzyme 
preparation. 

The similarity between the induced and consti- 
tutive enzymes in electrophoretic mobility at two 
pH values, specific activity, sedimentation and 
diffusion constants and solubility in ammonium 
sulphate, is all the more striking when the values 


are compared with those found for the penicillinase } 


of a related strain of B. cereus (5/B) reported in the 
preceding paper (Pollock et al. 1956). Apart from 
the solubilities in ammonium sulphate, which were 
not studied in detail in the case of 5/B (though 
even here the results of fractionation at different 
concentrations strongly suggested a significant 
difference), the 569 and 569/H enzymes differ quite 
markedly from the 5/B enzyme in every character 
investigated, including immunological properties. 
This similarity between spontaneously produced 
and penicillin-induced penicillinase is consistent 
with the hypothesis that they are formed by 
fundamentally the same mechanism. 

If the end-products of penicillinase synthesis in 
the two cases are indistinguishable, renewed 


emphasis is laid on the importance of discovering | 
in what ways the metabolic reactions underlying | 


induced and constitutive enzyme synthesis do in 
fact differ. More specifically, it would be of 
interest, on the one hand, to examine experi- 
mentally the possibility (expressed in general 
terms as the ‘unitary hypothesis’ and discussed in 
detail by Cohn & Monod, 1953) that a constitutive 
penicillinase strain may synthesize the enzyme 
under the continuous stimulus of an endogenous 
inducer not formed in the inducible strain. On the 
other hand, it is possible that penicillin may evoke 
the formation of penicillinase in the inducible 
strain by antagonizing a specific inhibitor not 
present in the constitutive strain. Such ideas are 
amenable to an experimental approach and are 
worth testing if there is good reason for believing 
that the mechanisms of induced and constitutive 
enzyme synthesis are very closely similar. The 
absence of detectable differences in the properties 
of induced and constitutive penicillinase described 
here suggest that this is a reasonable assumption. 
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SUMMARY 


1. Penicillin-induced penicillinase from B. cereus 
569 grown in casein hydrolysate has been purified 
by absorption on fine-mesh glass powder, elution 
with 0-5-saturated (NH,),SO, and fractionation 
between 0-60- and 0-75-saturated (NH,),SO,. It 
was finally crystallized from 30% ethanol. It 
appears to be homogeneous on electrophoretic and 
ultracentrifugal analysis; and the mol.wt. was 
found to be 31 000. 

2. A constitutive penicillinase, produced without 
penicillin treatment by a strain (B. cereus 569/H) 
derived from B. cereus 569 by a spontaneous 
mutation, has been purified by the same technique 
and found not to differ significantly from the 
induced enzyme of its parent strain by any of the 
characters examined (specific activity, sedimenta- 
tion and diffusion constants, electrophoretic 
mobility and salt solubility). This similarity is con- 
sistent with the hypothesis that induced and con- 
stitutive enzymes are formed by basically the same 
mechanism. 

3. The constitutive penicillinase of B. cereus 
569/H is, however, quite distinct physicochemically 
from the constitutive penicillinase of B. cereus 5/B. 

4. Fractionation of the supernatant fluid from 
an uninduced culture of B. cereus 569 by the specific 
technique used for isolation of penicillinase 
yielded only 2:5% of the amount of protein 
obtained under comparable conditions from an 
induced culture. It is concluded that induction of 
penicillinase activity by penicillin corresponds to 
the formation of a specific, physicochemically 
distinct protein. 
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ADDENDUM 


Sedimentation and Diffusion of Samples of Penicillinase 
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prepared as 
were 


Purified 
described in the two preceding papers, 


samples of penicillinase, 


examined by sedimentation and diffusion, in order 
to assess their molecular weights and degree of 


homogeneity. 


* Rhodes Scholar, Balliol College, Oxford. 


26 


EXPERIMENTAL 


Solutions. Sample 5/B was dialysed against buffer 0-2 M- 
NaCl, 0-0077 M-Na,H PO,, 0-0023 M-KH,PO, ; other samples 
were dialysed against buffer 0-1M-NaCl, 0-05mM-Na,HPO,, 
0-0167M-KH,PO,. After dialysis, the concentrations were 
measured refractometrically (Cecil & Ogston, 1951), assum- 
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ing a specific refractive increment of 0-00180: dilutions 
were made with diffusate. 

Sedimentation. This was measured in a Svedberg oil- 
turbine ultracentrifuge at 900 rev./sec. by the method of 
Cecil & Ogston (1948). The modified schlieren optical system 
of Baldwin (1953a) was used to obtain the photographic 
records. From these the sedimentation coefficients were 
measured by the method of Cecil & Ogston (1948), from 
the maxima of the boundary gradient curves. Sedimenta- 
tion homogeneity was tested in two ways: (i) The forms of 
the boundary gradient curves were tested by plotting 
log dn/dx against (x —x,)?, where x is the position in the 
boundary, measured from the centre of rotation; dn/dz is 
the corresponding value of the gradient of refractive index, 
obtained from the ordinate of the boundary gradient 
curve; x, is the position of the maximum. For a sym- 
metrical Gaussian boundary this plot is linear and identical 
for the two limbs of the curve. 

(ii) The second moments, o, of the gradient curves were 
measured from their maximum heights H and areas A: 
o*=(A/H./2z)*. Values of o? were corrected for the non- 
uniformity of the centrifugal field by multiplying by the 
relevant value of (1 — w*St), where w is the angular velocity 
of rotation, S the sedimentation coefficient and ¢t the time 
measured from the estimated beginning of sedimentation 
(Baldwin, 1953, b); corrections of o* for the concentration 
dependence of S were negligible and were not applied. For 
homogeneous solute the plot of o* against ¢ is linear, 
heterogeneity causing an upward curvature. 

Diffusion. This was measured in the Gouy diffusiometer 
at 25° (Coulson, Cox, Ogston & Philpot, 1948), using a 
modified cell (Hall, unpublished). The diffusion coefficients 
were obtained from the optical record by the method of 
Gosting & Kegeles (1947). For the one heterogeneous 
penicillinase 569/H(1) the extrapolation technique of 
Gosting & Akeley (1953) was used to determine the values 
of C,, (the theoretical maximum deflexion of light in the 
boundary). 


RESULTS 


Table 1 gives the values of the sedimentation and 
diffusion coefficients, corrected to their values in 
water at 20°. The molecular weights and frictional 
ratios have been calculated on the assumption that 
the partial specific volume is 0-75. Fig. 1 shows 
plots of log dn/dx against (x—~z,)?. Fig. 2 shows 
plots of o? (corrected) against ¢. 


Table 1. 
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log dn/dx 





(x- xp)? 


Fig. 1. Tests of the form of the sedimentation boundary- 
gradient curves by plotting (ordinate) log dn/dx against 
the square of distance from the centre of the boundary, 
(x-2,)?; (w—a,)* and dn/dx are in arbitrary units. 
@, Advancing limb; O, trailing limb. A, Sample 5/B; 
B, sample 569 (induced); C, sample 569/H(1); D, sample 
569/H(2). 





107? t sec. 


Fig. 2. Tests of homogeneity of sedimentation by plotting 
o? (corrected) against time from the beginning of sedi- 
mentation. A, Sample 5/B; B, sample 569 (induced); 
C, sample 569/H(1); D, sample 569/H(2). The plots of B, 
C and D are displaced in the ¢ axis. 


Sedimentation and diffusion coefficients, molecular weights (M) 


and frictional ratios (f/f) of samples of penicillinase 


Sample 
5/B 


10% x Soo, w 
2-80 (0-475) 
2-82 (0-237) 


2-68 (0-856) 
2-66 (0-276) 


569 (induced) 


569/H(1) 2-83 (0-873) 
2-80 (0-300) 
569/H(2) 2-65 (0-925) 


10? x Deo,» 10-3 M fifo 
7-80 (0-24) 35-2 1-24 
8-28 (0-28) 31-5 1-22 
9-01 (0-31) 30-6 1-13 
8-38 (0-41) 30-8 1-21 


The concentrations at which measurements were made (g./100 ml.) are given in brackets. 
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DISCUSSION 


The plots in Figs. 1 and 2 show that samples 5/B, 
569 (induced) and 569/H(2) appear to be homo- 
geneous in sedimentation, judged both by the 
closely Gaussian form of the boundary-gradient 
curves and by the linearity of o? against t. 569/H(1), 
however, has a markedly skew boundary, with an 
extended advancing limb; its plot of o? against ¢ 
shows a possibly significant curvature. Both these 
criteria indicate some degree of heterogeneity. 
Tests of homogeneity from the pattern of fringes in 
the Gouy diffusion record confirm these con- 
clusions. 

Samples 569 (induced) and 569/H(2) do not 
differ significantly from each other, but sample 
5/B differs significantly from both. This is con- 


| sistent with their being essentially different sub- 
| stances. 


Sample 569/H(1) differs significantly from all 
others and in particular from sample 569/H(2). The 
differences of sedimentation and diffusion coeffi- 
cients and the frictional ratio indicate some differ- 
ence of molecular configuration, though the 
material is not entirely uniform. Sample 569/H(1) 
was precipitated by ethanol in the course of puri- 
fication, whereas 569/H(2) was not. A test made 
with the Spinco ultracentrifuge at the National 
Institute of Medical research (Kogut, Pollock & 
Tridgell, 1956) showed that precipitation of 569 


SEDIMENTATION AND DIFFUSION OF PENICILLINASE 403 


(induced) with ethanol produced no obvious 
change in its rate of sedimentation or in the form of 
its sedimentation boundary. It therefore appears 
possible that the differences in the conditions of 
culture may have caused the difference between 
569/H(1) and 569/H(2). 


SUMMARY 


1. The diffusion and sedimentation of four 
samples of penicillinase have been observed. 

2. Sample 5/B differs from all others; samples 
569 (induced) and 569/H(2) appear to be identical; 
samples 569/H(1) and 569/H(2) are different. 

3. All samples except 569/H(1) appear homo- 
geneous, by the tests applied. 
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The Biosynthesis of Kojic Acid 
4. PRODUCTION FROM PENTOSES AND METHYL PENTOSES* 


By H. R. V. ARNSTEIN anp R. BENTLEY 
National Institute for Medical Research, Mill Hill, London, N.W. 7, and 
Graduate School of Public Health, University of Pittsburgh, Pittsburgh 13, Pennsylvania 


(Received 11 July 1955) 


The biosynthesis of kojic acid is of interest because 
it seems likely that the C, precursor of this mould 
metabolite is a compound synthesized by well- 
known reaction sequences of carbohydrate meta- 
bolism ; however, because of features unique to the 
micro-organisms producing kojic acid, this pre- 
cursor is no longer metabolized in the usual way, 
ultimately to carbon dioxide. Instead, special 
(shunt) reaction mechanisms convert the C, pre- 
cursor into the relatively undegraded end product. 
It was hoped that a study of the biosynthesis of 
kojic acid in Aspergillus flavus would therefore 
provide information about both the general and 
special reaction sequences of carbohydrate meta- 


* Part 3: Arnstein & Bentley (1953c). 


bolism in this organism. Some information has 


already been obtained from previous studies of 


kojic acid biosynthesis (Arnstein & Bentley, 
1953a—c; Denison, Carson & Foster, 1954). In 
particular, it has been shown that the major 
pathway of kojic acid production from glucose is 
a direct conversion without splitting of the carbon 
chain. However, the experiments with labelled 
glucose, and also with a number of labelled small 
molecules (such as dihydroxyacetone, pyruvate, 
acetate, etc.) indicated a secondary pathway which 
was believed to involve triose phosphates (Arnstein 
& Bentley, 1953a, c). 

It had at one time been supposed that, because 
the pentoses L-arabinose and p-xylose can also be 
converted into kojic acid by Aspergillus species 
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(Challenger, Klein & Walker, 1929; Katagiri & 
Kitahara, 1929; Corbellini & Gregorini, 1930; 
Birkinshaw, Charles, Lilly & Raistrick, 1931; 


Tamiya, 1932; Gould, 1938), kojic acid formation 
from both pentose and hexose required the forma- 
tion of a small reactive molecule (possibly a C, or C, 
fragment). In view of the demonstration of the 
direct conversion of glucose into kojic acid it was 
apparent that information concerning other path- 
ways of kojic acid biosynthesis would be obtained 
from a study of the reaction involved when a 
pentose was used as substrate. A possible mech- 
anism for the production of the C, precursor of 
kojic acid from pentose was provided by the 
elucidation of the reactions involved in the bio- 
logical conversion of ribose 5-phosphate into hexose 
phosphate (these reactions have recently been 
reviewed in detail by Racker, 1954). Indeed, it has 
been pointed out (Horecker, Gibbs, Klenow & 
Smyrniotis, 1954; Racker, 1954) that the distribu- 
tion of 4C in kojic acid formed from [3:4-14C,]- 
glucose (Arnstein & Bentley, 1953a) is similar to 
that observed in hexose monophosphate formed 
from [2:3-44C,]pentose 5-phosphate. This suggested 
that one secondary pathway was a resynthesis, in 
part, of a C, precursor of kojic acid by the trans- 
ketolase and transaldolase reactions. 

The present communication is a report on kojic 
acid formation from the eight stereoisomeric pen- 
toses, and two methyl pentoses; a tracer study of 
kojic acid formation from p-[1-4C]ribose is also 
described. A preliminary account of some of these 
results has been given (Bentley, 1955). 


EXPERIMENTAL AND RESULTS 
Materials and methods 


The organism used in most of these experiments was that 
previously referred to as Aspergillus flavus-oryzae which is 
now carried in the Northern Regional Research Laboratory 
culture collection as A. flavus, NRRL 2405. Culture con- 
ditions, colorimetric determination of kojic acid, the 
degradation of labelled kojic acid through the 2-ethyl 
6-methyl ether and counting techniques were as previously 
described (Arnstein & Bentley, 1953a-c). The numbering 
of the kojic acid carbon atoms is that used previously 
(see also Fig. 1). 

In the degradation, carbon atoms 2 and 3 are obtained 
as the acetic acid moiety of ethoxyacetic acid and carbon 
atoms 6 and 5 as the similar component of methoxyacetic 
acid. Decarboxylation of the silver salts of these acids 
with bromine gives respectively carbon atoms 3 and 5 as 
carbon dioxide. The activity of carbon atoms 2 and 6 is 
then derived by difference. Experiments described pre- 


viously (Arnstein & Bentley, 1953a) demonstrated at most 
only a slight dilution of the carbon dioxide obtained on 
decarboxylating an authentic sample of silver [carboay- 
4C]methoxyacetate. 

The validity of this determination has now been more 
rigorously established by bromine degradation of silver 
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[«-!C]ethoxyacetate. [a-“C]Ethoxyacetate was prepared 
by standard methods from [«-!C]bromoacetic acid (kindly 


supplied by Dr J. R. Catch). Silver [«-“C]ethoxyacetate | 


(110 mg., 180 c/mole) was treated with dry bromine in | 


the usual way. The barium carbonate prepared from the 
carbon dioxide evolved was virtually devoid of radio- 
activity (counting rate as an infinite-thickness sample 
under the conditions previously described, 3 counts/min. 


above background; i.e. specific radioactivity, 0-84 uc/mole, | 


or about 0-45 % of the radioactivity of the silver salt). Itis | 


clear that almost none of the carbon dioxide was derived 
from the « carbon atom. 

p-[1-4C]Ribose and p-[1-“C]arabinose were obtained 
through the kindness of Dr H. 8. Isbell, National Bureau of 
Standards, on allocation of the Atomic Energy Commission. 
We are also most grateful to Dr Isbell for a gift of L-ribose. 
p-Arabinose, L-fucose, D-lyxose, L-rhamnose, D-ribose and 
L-xylose were obtained from Nutritional Biochemicals 
Corporation, Cleveland, Ohio. t-Lyxose was synthesized 
from L-galactonic acid (Ault et al. 1933) by the method used 
by Hockett & Hudson (1934) for the D-isomer. It was ob- 
tained as a syrup crystallizing slowly on long standing. 
Paper partition chromatography of the syrup, using phenol- 
water as the solvent, showed only one spot reacting with 
the aniline phthalate reagent. The spot had the same Rp 
value as that obtained using D-lyxose. 


Eaperiments with D-[1-“4C]ribose and 
pD-[1-“4C]arabinose 


Ribose. Preliminary experiments showed that 
D-ribose was well utilized for growth and kojic acid 
production by A. flavus, NRRL 2405. The follow- 
ing experiment was therefore carried out. Un- 
labelled p-ribose (5:0g.) and _ p-[1-'4C]ribose 
(0-0442 g., 52-5 mc/mole) were dissolved in 25 ml. 


of the following medium (which will hereafter be | 


referred to as ‘salts medium’): NaNO,, 2-0¢.; 
K,HPO,, 1-0 g.; KCl, 0-5 g.; MgSO,,7H,O, 0-5 g.; 
FeSO,.7H,O, 0-01 g.; Difco yeast extract, 1-0 g.; 
water, 1 1. The solution was transferred to a 125 ml. 
Erlenmeyer flask carrying a rubber stopper with 
air inlet and outlet tubes and a sampling tube. The 
calculated specific radioactivity of the diluted 
ribose is 467 »c/mole and the total activity added 
was 15-5yc. The solution was steam-sterilized at 
15 lb./sq.in. for 15min. and inoculated with A. 


flavus; a slow current of air was passed through the 


flask and daily collections of the carbon dioxide 
produced during the fermentation were made with 
the aid of scrubbers containing 10% NaOH 
solution. The yield and specific radioactivities of 
barium carbonate samples prepared from the 
absorbed carbon dioxide are given in Table 1. The 
specific radioactivity of the samples rose to a 
maximum by the third day and thereafter declined 
progressively. The total radioactivity recovered as 
barium carbonate was 1-35 yc, i.e. 8-7% of that 
added as ribose. 

On the eighth day, the culture was sterilized; 
the mycelium had dry weight, 0-190 g., specific 
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radioactivity, 2-59 pc/g. (total radioactivity re- 
covered in mycelium= 0-49 uc, i.e. 3-2% of that 
added as ribose). Kojic acid was isolated by con- 
tinuous ether extraction, and after sublimation of 
the partly oily product in vacuum the yield of 
purified material was 107-6 mg. (m.p. 132°). Re- 
crystallization from ethanol—light petroleum (b.p. 
30-60°) gave fine needles, m.p. 149°; mixed m.p. 


Table 1. Radioactivity of carbon dioxide evolved 
during fermentation of D-[1-™C]ribose 


A. flavus grown on 25 ml. of salts medium containing 5 g. 
of p-[1-“C]ribose (15-5 uc). For further details see text. 


Age of 
culture at Wt. of Specific 
time of CO, BaCO, radioactivity Total 
collection collected of BaCO, radioactivity 
(days) (g.-) (10-3 no/g.) (pe) 
1 0-86 2-8 0-002 
2 1-83 77-4 0-141 
3 1-59 201-0 0-319 
f 1-31 186-0 0-244 
5 1-58 145-0 0-229 
6* 1-37 136-0 0-187 
ta 1-32 100-0 0-132 
8* 1-27 75-5 0-096 


* Kojic acid present in medium as shown by red FeCl, 
colour reaction. 


Table 2. Distribution of radioactivity in kojic acid 
obtained by fermentation of D-[1-!4C]ribose 


Kojic acid was isolated and degraded as described in the 
text (cf. Arnstein & Bentley, 1953a, c). The specific radio- 
activity of the isolated kojic acid was 488 uwc/mole. After 
dilution of this material (47-5 mg.) with carrier (415-1 mg.) 
the specific radioactivity of the diluted kojic acid and the 
2-0-ethyl derivative used for degradation was 50-9 and 
49-8 1c/mole, respectively. 

Distribution of radioactivity 
in kojie acid 





Carbon —-- 


atom no. (yC/g. atom C) (%) 
1 18-8 36-7 
2 9-7 18-9 
3 12-5 24-5 
4 48 9-5 
5 13 2-6 
6 4-0 7-9 


with authentic kojic acid, 151°; specific radio- 
activity, 488,c/mole. The total radioactivity 
recovered as kojic acid was found to be 0-37 ne, 
Le. 2-4 % of that added initially. The radioactivity 
distribution obtained by degradation of this 


material is shown in Table 2. Approximately 80% 
of the total radioactivity recovered in kojic acid 
was located in the first three carbon atoms. By 
evaporation of a measured sample of the medium 
remaining after ether extraction, it was calculated 
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that the major portion of radioactive material 
(about 11 pc) still remained in solution, presumably 
as unused ribose. 

Arabinose. Although 
carbon source for growth and kojic acid production 
by Aspergilli, no experiments with D-arabinose 
have been previously reported. It was found that 
while this pentose would allow growth, kojic acid 
was not produced. In attempts to obtain kojie acid 
production, training experiments were carried out 
in which the organism was grown first on a 1:1 
mixture of L- and p-arabinose. Kojic acid was 
readily produced on this medium, and spores from 
the mycelium were used to inoculate solutions 
containing higher proportions of D-arabinose. 
Finally in one experiment using only p-arabinose 
(2-0 g.) in salts medium (10 ml.), a positive ferric 
chloride colour reaction was obtained after 14 days’ 
growth, Ether extraction of the culture filtrate 
yielded a partly crystalline material which was 
still oily after sublimation in vacuum. The sub- 
limed material was washed with a little ether, 
giving a pale tan solid, m.p. 125° (31 mg.). Re- 
crystallization from methanol-light petroleum 
(b.p. 30-60°) gave fine white crystals, m.p. 154°; 
there was no m.p. depression on admixture with 
pure kojic acid. This was the only positive test 
result obtained in a number of experiments. 
Replacement cultures also investigated; 
mycelial pads were grown on a mixture of L- and 
p-arabinose, giving kojic acid by the fifth or sixth 
day. The original culture medium was then 
removed, the mycelium was washed with sterile 
water until the washings gave no colour with ferric 
chloride solution, and finally a fresh solution con- 
taining D-arabinose was introduced under the 
mycelium. No further production of kojie acid 
could be detected under these conditions even on 
prolonged standing. 

In a further attempt to demonstrate kojic acid 
formation from D-arabinose, the following experi- 
ment was carried out using labelled material. 
Lt-Arabinose (5-0 g.), D-arabinose (5-0 g.) and p- 
[1-4C]arabinose (0-0276 g., 111-3 mc/mole; total, 
20-5 wc) were dissolved in salts medium (50 ml.). 
After sterilization, the solution was inoculated 
with spores obtained from material previously 
grown on a mixture of L- and D-arabinose. The 
evolved carbon dioxide was collected in the usual 
way; the yield and specific radioactivities of 
barium carbonate samples prepared from the 
absorbed carbon dioxide are given in Table 3. 
2-39 % of the added radioactivity was recovered in 
the evolved carbon dioxide. The mycelium (dry 
weight, 0-381 g.) had specific radioactivity, 0-63 nc/ 
g. The total activity recovered in the mycelium was 
therefore 0-25 yc (1-2 % of that added). The amount 
of radioactive material remaining in the solution 
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Table 3. Radioactivity of carbon dioxide evolved during fermentation of D-[1-4C]arabinose 


A. flavus was grown on 50 ml. of salts medium containing 5 g. of L-arabinose plus 5 g. of p-[1-“C]arabinose (20-5 ye). 


For further details see text. 
Age of culture 





at time of Specific 
collection Wt. of radioactivity Total 
Sample of CO, BaCO, of BaCO, radioactivity ) 
no. (days) (g-) (10-* pc/g.) (#C) 
1 1-4 4-45 22-0 0-098 
2 5 2-22 27:7 0-062 
3 6 2-00 36-3 0-073 
4 7 1-90 28-7 0-055 
5 8 3-00 22-0 0-066 
6 9-11 4-50 31-6 0-136 
> 


Table 4. Formation of kojic acid 
from common pentoses 


A. flavus grown on salts medium with substrate concen- 
tration 1 g. of sugar/10 ml. of medium in each case. Kojic 
acid determined colorimetrically. 

Kojic acid formed 


(mg./ml.) 

————____—_——, 

Substrate Day no. 5 Day no. 8 
L-Arabinose 2-0 3-4 
L-Arabinose 1-7 2:3 
p-Ribose 4-4 8-5 
p-Xylose 3-4 9-9 
p-Xylose 7-0 13-4 
D-Glucose (control) 2-8 10-8 
D-Glucose (control) 2-5 11-9 


after ether extraction was about 17 uc. Kojic acid 
was isolated in the usual way; the yield of sublimed 
material was 160-3mg. After recrystallization 
from ethanol-light petroleum (b.p. 30—60°), fine 
needles were obtained, m.p. 153°. Specific radio- 
activity, 62-5yc/mole. Total recovery of radio- 
activity in kojic acid, 0-071 ye, i.e. 0-35 % of that 
added initially. Insufficient material was available 
for degradation. This *C recovery is much lower 
than that in the ribose experiment and confirms 
that D-arabinose is a poor precursor of kojic acid. 


Experiments with unlabelled pentoses and 
methyl pentoses 


Growth from spore inoculum. In these experi- 
ments a given weight of pentose was dissolved in 
salts medium and the sterilized solution was 
inoculated with spores of A. flavus. Samples were 
removed, usually at daily intervals, and the yield 
of kojic acid was determined colorimetrically. The 
production of kojic acid from the more common 
pentoses (L-arabinose, D-ribose, D-xylose) is com- 
pared in Table 4; experiments with rarer pentoses 
(p- and L-lyxose, L-ribose and L-xylose) are shown 
in Table 5 with the methyl pentoses (L-rhamnose 
and u-fucose) in Table 6. In some cases, after 


growth for 8-9 days the culture fluids were ex- 
tracted continuously with ether; the material 


extracted in this way was shown to have the same 
R, value as authentic kojic acid on paper chro- 
matography in two solvent systems. R, of kojic 
acid in butanol—acetic acid—water (4:1:5, v/v)= 
0-66; in 2-ethylbutan-l-ol-5m formic acid (2:3, 
v/v)=0-37 (system of Jones, Dowling & Skraba, 


1953). The dried papers were sprayed with 1% , 


ferric chloride in 0-1N-HCl to locate the kojic acid. 

Replacement experiments. The formation of kojic 
acid from pentoses was also studied in replacement 
experiments using mycelial pads pre-grown on a 
10% glucose-salts medium (5ml. portions in 
25 ml. Erlenmeyer flasks). After six days, the 
original medium was removed with a sterile pipette 
and kojic acid analyses were carried out on this 


medium (Table 7, column 2). The mycelia were } 


washed by addition of two 5 ml. portions of sterile 
water in succession. A third 5 ml. portion of water | 
was then added and the mycelial pads were 


allowed to stand on this water for 2 hr. at room 


temperature. These washings were finally removed 
and analysed for kojic acid (Table 7, column 3). 
Sterile solutions of the various sugars (500 mg. in 
5 ml. of salts medium) were added to the pads and 
within 30 min. 0-1 ml. portions of the media were 
removed for analysis (Table 7, column 4). Samples 


’ 


were removed from the cultures at intervals over 


the next 17 days (Table 7, columns 5-14). 


DISCUSSION 
Pentose utilization for kojic acid production 


Pentoses other than L-arabinose and D-xylose have 
not previously been used as carbon sources for 
kojic acid production by Aspergillus species. 
Indeed, almost all information on pentose meta- 
bolism by fungi has been restricted to the readily 
accessible L-arabinose and p-xylose. Of the eight 
pentoses studied by us, L-ribose and L-lyxose were 
very poor carbon sources for growth of A. flavus 
and no kojic acid was formed from these substrates. 
When growth took place readily on both enantio- 
morphic forms of the same pentose only one en- 
antiomer gave substantial amounts of kojic acid. 


———\. 
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Table 5. Formation of kojic acid from rare pentoses 
5 yc). | A. flavus grown on salts medium with sugars added as shown. Kojic acid determined colorimetrically. 


Kojic acid formed Wt. of 











Vol. of (mg./ml.) ether extract 
Wt. of salts Day no. Mycelium of culture 
substrate medium —xe —— (dry wt.) medium 
, Substrate (g.) (ml.) 5 a 8 9 (mg.) (mg.) 
p-Lyxose 1-0 10 0-4 0-7 1-3 1-5 68-7 16-8 
L-Lyxose 0-5 5 0-0 0-0 0-0 0-0 49-9 _— 
L-Ribose 0-49 5 0-0 0-0 0-0 0-0 11-1 o= 
L-Xylose 1-0 10 0-8 1-2 1-1 -- 92-6 15-5 
p-Glucose (control) 1-0 10 62 140 18-4 — 82-4 132-3 
5 Table 6. Formation of kojic acid from methyl pentoses 
a A, flavus grown on salts medium with sugars added as shown. Kojic acid determined colorimetrically. 
Ojic Kojic acid formed 
a Vol. of (mg./ml.) ) 
‘4 Wt. of salts Day no. Mycelium | 
23, substrate medium Yeast r i‘ (dry wt.) ‘ 
ba, Substrate (g.) (ml.) extract 5 6 7 8 9 10 (mg.) 
L% L-Rhamnose 1-0 10 + 4 — @ 6 — — 79-7 i 
“id. L-Rhamnose 1-0 10 + 0-4 1-1 1-2 — — 2-8 92-2 j 
jie | L-Rhamnose 1-0 10 + 0-6 0-9 1-0 — — 2-9 100-7 ‘ 
a L-Rhamnose 1-0 10 - 00 00 00 — — 02 2-5 ' 
- L-Rhamnose 1-0 10 - 00 00 00 — — _ 00 38-7 ‘ 
1a} L-Fucose 0-5 5 No appreciable growth by 14 days : 
in L-Fucoset 0-45 4-5 + No appreciable growth by 14 days i 
he * Experiment terminated. { A. oryzae was used in this experiment. 
tte 
his ae ; 
re . Table 7. Formation of kojic acid from pentoses in replacement experiments 
ile A. flavus was grown on 10% glucose salts medium for 6 days. After washing the mycelium with water, sterile replace- j 
er | ment medium containing various sugars was added and the culture incubated for a further 17 days. Kojic acid was deter- } 
re mined colorimetrically. 
m Kojic acid (mg./ml.) 
od c ‘ " 
; In Kojic acid formed (mg./ml.) by replacement 
). In In replacement culture in the following time (days) 
m glucose final solution after — - ‘ + 
‘a | Substrate medium washing 0-5 hr. 1 2 3 4 6 8 10 13 1 17 
re p-Arabinose 54 0-4 0-2 0-2 00 00 O1 04 05 04 06 05 0-7 
4g L-Arabinose 5-8 0-5 0-3 03 O01 00 O02 O11 O02 O1 O03 O04 06 
p-Lyxose 4:7 0-7 0-3 03 03 04 O1 03 O02 O04 O08 O8 0-7 
: L-Rhamnose 4-8 0-5 0-2 0-0 00 02 00 00 00 00 O1 O1 0-2 
p-Ribose 4-9 0-5 0-3 0-3 04 O7 1-1 1-1 13 16 19 2-3 28 
| p-Xylose 4-1 0-4 0-3 0-2 00 0-2 O02 04 O08 10 1:8 2-4 3-4 
| L-Xylose 4-7 0-5 0-3 0-0 00 O1 O01 O01 00 0:0 00 00 O01 
} p-Glucose 56 0-3 0-2 03 06 O09 1:2 18 35 42 64 8-7 11-6 
p-Glucose 5-5 0-6 0-4 06 10 16 28 32 40 48 68 7:3 95 
No sugar 7-0 0-5 0-2 00 00 00 00 00 00 00 0:0 0-0 0-0 


, 


D-Xylose and D-ribose were the best sources for 
kojic acid production ; L-arabinose was less effective, 
and p-arabinose, D-lyxose, and L-xylose were only 
poor precursors. Similarly, in replacement cultures, 
where the mycelium was pre-grown on glucose 
prior to replacement with the pentose substrate, 
only p-ribose and p-xylose gave substantial 
amounts of kojic acid (see Table 7), whereas L- 
arabinose and the other pentoses were poor pre- 


cursors. Steinberg (1942) has investigated the 


utilization by A. niger of p-lyxose and both enantio- 
morphs of arabinose, ribose and xylose. The best 
yield of mycelium was obtained with pD-xylose, 
L-arabinose being less effective. There was very 
slight growth on t-ribose and L-xylose; D-lyxose, 
D-arabinose, and D-ribose did not support growth. 
The failure of the organism to grow on D-ribose 
seems rather surprising, but this observation has 
been confirmed by us in preliminary experiments. 
Using A. niger NRRL 2270, the following mycelial 
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yields were obtained using 0-5 g. of sugar in 5 ml. of 
salts medium (yeast extract omitted); D-ribose, 
3-9 mg.; L-arabinose, 57-0 mg. 

Of the methyl pentoses, L-rhamnose was pre- 
viously reported not to be a carbon source for kojic 
acid production (Tamiya, 1932). It has now been 
shown that this sugar can be used for kojic acid 
production, especially when the medium is supple- 
mented with yeast extract (see Table 6). This 
accords with our earlier experience that, even from 
glucose, kojic acid production is much slower when 
yeast extract is omitted from the medium. In the 
replacement experiments with mycelium pre- 
grown on glucose, L-rhamnose no longer gave a 
significant yield of kojic acid. Fermentation of L- 
fucose has been reported (Tadokoro, 1936) to yield 
kojinie (sic) acid; presumably, kojic acid is meant. 
The substrate used in this work was a crude syrup 
obtained by hydrolysis of seaweed polysaccharide. 
The validity of these experiments seems question- 
able in view of the failure to use a purified sub- 
strate; in our experiments we have been unable to 
obtain growth either of A. flavus or of A. oryzae 
(IMI 17299) on L-fucose solutions. 


Mechanism of kojic acid formation from pentose 

Although L-arabinose is a less effective substrate 
than either D-xylose or D-ribose it is noteworthy 
that the mould can use sugars of different con- 
figurational series to form the same compound. It 
is not easy to appreciate, however, why D-arabin- 
ose, which is epimeric with p-ribose, and which in 
E. coli can actually be converted into D-ribulose 
(Cohen, 1953), is a poor source of carbon. Before 
these problems are discussed further, the mech- 
anism by which p-[1-4C]ribose is converted into 
kojic acid will be considered. 

With p-[1-C]ribose the observed distribution of 
M4C in kojic acid is in harmony with the formation 
of a C, precursor by the mechanisms now known to 
be involved in synthesis of hexose phosphate from 
pentose phosphate (see review by Racker, 1954). 
First, the transketolase reaction would lead to 
[1:3-4C,]sedoheptulose 7-phosphate; the C, pre- 
eursor needed for kojic acid synthesis would in 
turn be obtained by transfer of the first three 
carbon atoms of sedoheptulose phosphate to glycer- 
aldehyde phosphate (obtained from the last three 
earbon atoms of p-[1-!C]ribose) under the in- 
fluence of transaldolase. There would be obtained, 
therefore, [1:3-“C,]fructose 6-phosphate labelled 
equally in carbon atoms 1 and 3. Additionally, 


reaction of (unlabelled) erythrose 4-phosphate, 
formed in the transaldolase reaction, with a further 
molecule of the (labelled) active glycolaldehyde 
complex would lead to [1-'C]fructose 6-phosphate. 
The net result would be the formation of a 1:3- 
labelled fructose 6-phosphate containing more “C 
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ribose by yeast extracts (Gibbs, 1955). In the 
kojic acid obtained from p-[1-'4C]ribose, carbon 
atoms 1 and 3 contain respectively 36-7 and 
24-5 % of the total activity, and it seems probable, 
therefore, that this explanation is valid. These 
results are quantitatively different from the 
distribution observed by Horecker et al. with the 
liver-enzyme preparation, where carbon 1 of 
the hexose monophosphate contained 74%, and 
carbon 3 24%, of the total activity. Further, kojic 
acid contained an appreciable amount (18-9 %) 
of activity in carbon 2; this was not present in the 
hexose monophosphate. Since in the experiments 
with the liver-enzyme preparation incubation was 
carried out for only 17 hr., whereas in our experi- 
ment the labelled ribose was present for 8 days, it 
seems reasonable to postulate further oxidative 
reactions to account for the activity in carbon 2 of 
kojic acid. 

It is suggested that the above [1:3-14C,]hexose 
precursor is further oxidized to the corresponding 
6-phosphogluconate, which in turn is converted 
into [2-4C]ribulose 5-phosphate. Both 1- and 2- 
labelled pentoses would therefore be present in the 
medium, which would be equivalent to a [1:2-1C,]- 
pentose with a higher radioactivity in carbon 
atom 1. Resynthesis of hexose from this material 
would lead to a 1:2:3-labelled hexose with a pre- 
dicted order of decreasing activity, 1>3>2 
(Fig. 1, Scheme B). 

Evidence for the functioning of such an oxidative 
cycle is found in the observed radioactivities of 
daily samples of respiratory carbon dioxide. Using 
[1-!4C]glucose, we have previously shown that the 
activity of the expired carbon dioxide was high 
initially, declining later to an almost constant value 
(Arnstein & Bentley, 1953a). In the present ex- 
periments with p-[l-!4C]ribose (Table 1) and p- 
[1-4C]arabinose (Table 3), however, the activity in 
the respiratory carbon dioxide was very low 
initially, rising to a maximum (both in terms of 
specific activity and amount of carbon dioxide) by 
the third and fourth days. Thereafter, the radio- 
activity declined slowly. This strongly suggests 
that there is a lag period of about 3 days before the 
1:3-labelled hexose intermediate is available in any 
quantity. 

Since p-xylose and D-ribose are the two pentoses 
giving the highest yields of kojic acid (both in 
ordinary and replacement cultures) it is possible 
that the biosynthetic mechanism is similar in both 
of these cases. The much lower yields obtained 
from the two sugars of the & configurational series 
(arabinose and rhamnose), and the failure of these 
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in carbon atom 1 than 3 (Fig. 1, Scheme A). Such 
a labelling of hexose phosphate has been observed 
by Horecker et al. (1954) with a liver-enzyme 
preparation and in the fermentation of p-[1-“C]- | 
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compounds to yield kojic acid in replacement 
culture, suggest that the formation of kojic acid 
from these sugars may proceed by a different 
pathway. This seems likely on general grounds, 
since from L-arabinose a heptulose of the L con- 
figurational series would be obtained. In the case of 
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L-arabinose, fermentations are known which lead 
to the production of pyruvate from the last three 
carbon atoms (Rappoport, Barker & Hassid, 1951; 
Weimberg & Doudoroff, 1955). Such a process 
would provide a source of C, units for kojic 
acid synthesis, at the same time destroying the 








Scheme A C* 
I * i Overall reaction: 
l | | 3[1-“C]pentose 
Cc Cc C* C C* Cc + triose+ 
| | --/- | | | 2[1:3-“C;, Jhexose 
/ 1 . 1 s | " ' | L mf | (activity of C,>C,) 
TK rA => Te 
C C—>C + ¢€—>»C¢ + 6 oo ee 
| | | | | | | | | 
( C Cc ( Cc Cc C C ( 
| | | | | | | | 
( C C C Cc €¢ Cc Cc ( ’ 
_——— a) Ve 
Pentose Sedoheptulose Triose Hexose Tetrose Pentose Hexose Triose 
\ 
aes ¥ 
" 
\ ‘ 
\ 6 
\ CH,.OH f 
\ 
; Activity of mixture ’ 
C,>C,>C, 
\ : \ 
\ CH,.OH 
Scheme B C* ; 
A c* (* 
| | | 
CG C* c* ce c* Ge 
I é ° | he ? C9 (2 ge 
Hexoses from W-L-D | ‘ TK i TA | | a TK | 
- == = > — —{—— —_> 
scheme A C: (! Cc + C C | C: C: C ; ( 
| | | | | | | | | 
C C Cc Cc C C C ¢ ( 
| | | | | | | | | 
C Cc Cc Cc C C C GC ( 
a uu ——-Y 
Pentose Sedoheptulose Triose Hexose Tetrose Pentose Hexose Triose 


Fig. 1. 
Abbreviations: 

TK =transketolase reaction | reactants 

TA =transaldolase reaction J 


W-L-D 
labelled atoms, but have only semiquantitative signi 
C* original pentoses, C° pentose formed from hexoses of Scheme A by the W-L—D mechanism. 


approximation C° will therefore correspond to half the radioactivity indicated by C*. 


Formation of C, precursor and kojic acid from labelled pentose via transketolase and transaldolase reactions. 


being shown by the symbol ~ and cleavage 


taking place at points indicated by dotted lines. 


Warburg-Lipmann—Dickens oxidative mechanism. Asterisks and circles are used to show the origin of 


ficance. Radioactivity in pentoses is differentiated as follows: 
As a rough 
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‘unnatural’ configuration at carbon atom 4. Simi- 
larly, a cleavage of rhamnose to two C, units 
probably occurs in the fermentation of this methyl 
pentose to propylene glycol (Kluyver & Schnellen, 
1937). In this case, glyceraldehyde is apparently 
formed from the first three carbon atoms. 


Pentose and heptose intermediates in kojic acid 
formation from small molecules and glucose 


The similarity of the C distribution in kojic 
acid formed from [3:4-4C,]glucose, and hexose 
monophosphate formed from [2:3-!4C,]pentose 5- 
phosphate, suggested a partial resynthesis of the 
C, precursor of kojic acid by the transketolase and 
transaldolase reactions. The results reported in 
this paper provide strong evidence that these 
reaction sequences are available to A. flavus for the 
formation of kojic acid from p-ribose. On this 
basis, the pathways previously discussed (Arnstein 
& Bentley, 1953a,c) may be now more clearly 
defined and the three metabolic processes originally 
proposed will be reconsidered in the light of these 
new results. 

(a) Direct formation of kojic acid, when glucose 
is the substrate, without splitting of the carbon 
chain, is still considered to be the major path- 
way. 

(b) The secondary pathway, described as in- 
volving triose phosphates, is most probably the 
transketolase-transaldolase system discussed here. 
From 1-labelled glucose, sedoheptulose is obtained 
which is not radioactive. However, cleavage of 
glucose by aldolase, which has been identified in 
mycelial extracts of A. flavus (Arnstein & Bentley, 
19536), would yield glyceraldehyde phosphate 
labelled in carbon atom 3. From the transaldolase 
reaction, there would therefore be obtained 
[6-4C]hexose phosphate. This would account for 
our previous finding of C in position 6 of kojic acid 
derived from [1-“C]glucose. The transketolase— 
transaldolase pathway would be involved to a 
maximum of about 10-15% when glucose is the 
substrate. Using pentose as a substrate (particu- 
larly ribose and probably xylose) this becomes the 
major pathway. Further, the transaldolase reaction 
accounts for our earlier observation (Arnstein & 
Bentley, 1953a) that in the presence of glucose, 
[2-!4C]dihydroxyacetone is incorporated predomi- 
nantly into the 4, 5 and 6 carbon atoms of kojic 
acid. 

(c) The third pathway postulated to account 
for the results with molecules is 
probably an extension of (b). The small molecules 
all appear to give rise to a common C, precursor; 
as in the case of dihydroxyacetone, this is then 
incorporated mainly into the 4, 5 and 6 carbon 


added small 


atoms. 
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SUMMARY 


1. The eight stereoisomeric pentoses have been 
used as substrates for Aspergillus flavus. D-Ribose 
and p-xylose give the highest yields of kojie acid; , 
L-arabinose is less effective and pD-arabinose, p- 
lyxose, and L-xylose are very poor carbon sources } 
for kojic acid formation. A. flavus did not form 
kojic acid from tL-lyxose or L-ribose, and these 
two pentoses barely support the growth of this 
organism. 

2. In replacement cultures using mycelia pre- 
grown on glucose, only p-ribose and D-xylose are | 
good sources for continued kojic acid production. 

3. Of the two methyl pentoses tested, L-fucose 
does not support the growth of either A. flavus or 
A. oryzae. u-Rhamnose is a fairly good carbon 
source for kojic acid formation by A. flavus. 

4. With p-[1-!4C]ribose as a substrate for A. | 
flavus, the radioactivity of the respiratory carbon * 
dioxide was low initially and increased to a maxi- 
mum at the third day. Of the radioactivity of i 
kojic acid isolated from this culture, 80% was | 
contained in carbon atoms 1, 2 and 3. This distri- 
bution pattern is interpreted to indicate a con- | 
version of ribose into the C, precursor by the 
transketolase and transaldolase reactions. Further 
oxidation of the C, precursor is believed to account 
for the radioactivity in carbon atom 2 of the kojic | 
acid. \ 

5. The relationship of these observations to the 
previously postulated pathways of kojic acid 
formation from glucose and small molecules is 
discussed. 

We wish to thank Clara P. Thiessen for help with some of | 
these experiments. Grateful acknowledgement is made to 
the National Science Foundation for a Research Grant 
(NSF-G 425) to R. B. which in part supported this work. 
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The Effect of Oestrogens and Chemically Related Compounds on 
the Respiration of Yeast and on Oxidative Phosphorylation 
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It was shown by Shacter (1953a) that 4:4’- 
dihydroxy-«f-diethylstilbene (stilboestrol) has an 
action on the metabolism of respiring yeast cells 
which shows a similarity to that of 2:4-dinitro- 
phenol (DNP) on these cells. With increasing con- 
centration there was at first a slight stimulation of 
yeast respiration, but as the stilboestrol concentra- 
tion reached the value of 10-4m the rate of oxygen 
uptake suddenly increased greatly, to a maximum 
value of 14 times that of the control, at 2 x 10-4m, 
after which it began to fall until an inhibition was 
observed at concentrations above 10-*m. These 
experiments were performed with yeast which had 
been washed and aerated in order to decrease the 
amount of oxidizable substrate in the cells. 
Stilboestrol was found to cause about three times 
the increase in respiration that was produced by 
2:4-dinitrophenol. When yeast was respiring in the 
presence of glucose, low concentrations of stil- 
boestrol did not increase the rate of oxygen uptake, 
and, in fact, as the concentration of stilboestrol was 
raised, respiration was gradually inhibited until it 
ceased completely at a concentration of stilboestrol 
of 10-4m. Shacter (19536) also found that p- 
chloromercuribenzoate, at high concentrations, 
stimulates the endogenous respiration of yeast in 
a rather similar manner. It was therefore sug- 
gested that 2:4-dinitrophenol, sulphydryl reagents 
and stilboestrol might affect yeast metabolism by 
similar mechanisms. 

The following experiments were carried out in 
order to determine to what extent this type of 
action is limited to substances having oestrogenic 
activity, in a group of compounds which have a close 
chemical relationship to stilboestrol. Some powerful 
natural oestrogens were included. 


In addition an attempt has been made to deter- 
mine the effect of a similar range of compounds on 
hexokinase and myosin adenosine triphosphatase 
(ATPase) activity and on the oxidative phos- 
phorylation in cyclophorase preparations. 


MATERIALS AND METHODS 


Adenosine triphosphate (ATP). The disodium salt was 
purchased from Sigma Chemical Co., U.S.A. : 

Stilboestrol and hexoestrol. These were commercial pro- 
ducts; the other oestrogenic and related compounds were 
kindly given by Mr W. Lawson. 

Phosphate buffer, pH 7-4. This consisted of 8 vol. of 
0-1mM-K,HPO, and 2 vol. of 0-1M-KH,PO,. 

Inorganic phosphate. This was determined by the method 
of Fiske & Subbarow (1925), after deproteinizing with 
trichloroacetic acid, as described below. 

Yeast suspension. Fresh baker’s yeast (Distillers’ Co. 
Ltd.) was washed three times with distilled water, sus- 
pended in approximately 100 vol. of distilled water and 
aerated overnight at room temperature, in order to decrease 
the oxidizable substrates in the yeast cells to a low value. 

Myosin. This was prepared from rat skeletal muscle by 
the method described by Dickens & Glock (1951). After 
four precipitations by dilution with de-ionized water, the 
myosin was dissolved in 0-5m-KCl. (Dry wt. of myosin, 
0-5 mg./mal.) 

Hexokinase. This was prepared from baker’s yeast 
according to the method of Berger, Slein, Colowick & Cori 
(1946). The method was followed as far as the second 
ethanol precipitation, the fraction obtained between 29 
and 45% ethanol being retained. This was dissolved in 1% 
glucose solution and stored at — 20°. 

Effect of various compounds on yeast respiration. This was 
determined at 30° in an atmosphere of air by incubating 
1 ml. of the yeast suspension (see above) (approx. 20 mg. 
dry weight of yeast) with 0-2 ml. of 0-67mM-KH,PQ, and 
distilled water to a final volume of 2 ml. in Warburg flasks, 
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and measuring oxygen uptake by the Warburg technique 
in the presence or absence of stilboestrol and chemically 
related compounds. These compounds were dissolved in the 
minimum amount of 0-01N-NaOH and added (0-2 ml.) 
from the side arm of the Warburg vessel. An equivalent 
amount of NaOH was added to the controls without stilb- 
oestrol. The resulting pH of the vessel contents was 5-2 
(glass electrode). The centre well of the vessels contained 
0-2 ml. of 20% KOH as CO, absorbent. 

Cyclophorase preparations from rat liver were carried out 
by the method of Green, Loomis & Auerbach (1948). The 
tissue dispersion was prepared in an M.S.E. blender. 

Hexokinase activity. This was determined manometrically 
by measurement of acid production due to the transfer 
of phosphate from ATP, by the method of Berger e¢ al. 
(1946). 

Measurement of oxidative phosphorylation. The cyclo- 
phorase suspension was used within 0-5 hr. of its prepara- 
tion for the determination of oxygen uptake and disap- 
pearance of inorganic phosphate, by the method of Judah 
& Williams-Ashman (1951). For each determination four 
Warburg flasks were used. Additions were as shown in 
Table 2. The cyclophorase preparation was added last, and 
the flasks were quickly placed in a bath at 30° and allowed 
to equilibrate for 2-3 min. In order to determine the 
amount of inorganic phosphate present at the beginning of 
the experiment, two flasks were deproteinized immediately 
by addition of 0-5 ml. of 70% (w/v) trichloroacetic acid 
from the side arm, and the oxygen uptake of the other two 
flasks was measured for 10 min. These were then also 
deproteinized, the contents of all four flasks were centri- 
fuged and samples of the supernatant fluids were used for 
estimations of inorganic phosphate by the method of 
Fiske & Subbarow (1925). 

AT Pase activity of myosin. A solution containing 0-2 ml. 
of myosin in 0-5M-KCl (0-5 mg. protein/ml.) was incubated 
in centrifuge tubes with 0-6 ml. of 0-1m glycylglycine 
buffer, pH 8-9; 0-1 ml. of 0-1mM-CaCl,, water to a final 
volume of 2 ml. and either stilboestrol or related com- 
pounds, dissolved in dilute NaOH, or an equivalent 
amount of NaOH without any addition in the control 
experiments. After 2-3 min. in a bath at 30°, 0-4 ml. of 
0-013m ATP was added to start the reaction. Trichloro- 
acetic acid (0-3 ml. of 70% w/v) was added after 15 min. 
and, after centrifuging to remove the precipitated protein, 
inorganic phosphate was estimated in 1 ml. of the super- 
natant. 


RESULTS 


Effect of stilboestrol and chemically related 
compounds on the respiration of yeast 


The effect on the respiration of a suspension of 
impoverished yeast cells, of stilboestrol and 
chemically related oestrogenic and non-oestrogenic 
compounds, as well as oestrogens of the steroid 
type, was determined by measuring oxygen up- 
take by the Warburg technique, as described under 
Methods. Typical results are shown in Fig. 1. In 
each case all the effective compounds tested in- 
creased the respiration over only a very narrow 
range of concentrations, starting at approximately 
10-4m, and at concentrations above 10-%m the 
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oxygen consumption was depressed. From Table | 
it can be seen that there is no clear relationship 
between the biological activity of the compounds 
and their effect in increasing respiration. It 
appears that for activity on respiration the mole- ; 
cule must possess two unsubstituted phenolic 
groups and that the carbon atoms joining these ) 
two rings must have an alkyl side chain without 
polar substituents such as -OH or -CO,H. None of | 
the steroids tried was effective in increasing oxygen 
uptake. 
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Fig. 1. Effect of stilboestrol and 4:4’-dihydroxystilbene on 
the respiration of yeast cells. @, Stilboestrol: oestrogenic 
rat dose 0-35 ug.; x, 4:4’-dihydroxystilbene: oestrogenic 
rat dose 5-10 mg.; O, 1:2-di-(4’-hydroxyphenyl)cyclo- 
hexane: oestrogenic rat dose >10mg. Conditions 
similar to those shown in Table 1. 


The increase in respiration of the yeast cells 
caused by the effective substances is maintained at 
a steady level for the whole period of the experi- 
ment, usually 2 hr. (Fig. 2). 

For the complete oxidation to CO, and water of 
2-0 ml. of stilboestrol solution at a concentration of 
4-5 x 10-4, this being the concentration at which 
the effect on respiration of yeast cells is greatest, 
443 pl. of O, would be required. The value of the 
oxygen uptake, after 2 hr., of yeast cells respiring 
in the presence of 4-5 x 10-*m stilboestrol is far in 
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Table 1. Effect of stilboestrol and related compounds on yeast respiration 


| ml. of yeast cell suspension (approx. 20 mg. dry wt.), 0-2 ml. of 0-67M-KH,PO,, water to a total volume of 2 ml. Com- 
pounds (in dil. NaOH) added from side arm. 0-2 ml. of 20% KOH in centre well; gas phase, air; 30°. The respiration rate 


for the yeast without addition was 4-6 yl. O,/mg. dry wt./2 hr. (cf. Fig. 1). 


Compounds added 


2:3-Di-(4-hydroxypheny])-2-methylpentane 


Diethyldi-(4-hydroxyphenyl)methane 
- Stilboestrol 
1:2-Di-(4-hydroxy phenyl)cyclohexane 
Hexoestrol 
Di-(4-hydroxyphenyl)dimethylethane 
isoHexoestrol 
«B-Diethyl-2:2’-dihydroxystilbene 
4:4’-Dihydroxystilbene 


Disodium stilboestrol-O-O-diacetate 
Dihydroxyhexoestrol 
Di-(4-hydroxyphenyl)adipic acid 


«B-Dimethylstilboestrol monomethyl ether 


4:4’- Dihydroxydibenzyl 
Quinol 

Phenol 

Oestrone 

Oestradiol 
Bisdehydrodoisynolic acid 


Optimum 
Increase in concen. of 
Oestrogenic respiration compound 
dose for the (pl. O,/mg. dry added* 
rat wt./2 hr.) (m x 10-*) 
2 pg. 38 5 
10 mg. 38 9 
0-35 pg. 32 4-5 
> 10 mg. 28 4 
0-2 pg. 25 8 
50-60 ug. 23 8 
0-5 mg. 21 5 
1 mg. 8 7 
5-10 mg. 2 3-5 
10 mg. 0 
> 10 mg. 0 
> 10 mg. 0 
1 mg. 0 
10 mg. 0 
ee 0 
ae 0 
0-8 ug. 0 
0-2-0-3 pg. 0 
» » 


l Beg. ys 2 


* These figures refer to the concentration at which the maximum effect on respiration is obtained. 





Time (min.) 


Fig. 2. Effect of stilboestrol on the rate of the oxygen 
uptake of yeast cells. x, Control; @, 2 x 10-‘m stilb- 
6 x 10-4m 


oestrol; O, 45.x10-!m stilboestrol; A, 
stilboestrol. Conditions similar to those 
Table 1 (dry wt. of yeast, approx. 10 mg.). 


shown 


in 


excess of this figure, however (Table 1). Hence it 
can be concluded that the increase in oxygen 
uptake is not due to the oxidation of stilboestrol by 
yeast enzymes. Experiments to measure the loss of 
phenolic groups of stilboestrol during incubation 
also showed little change. 

The effect of stilboestrol on the exogenous 
respiration of yeast cells, in the presence of sub- 


strate, was also investigated. In the presence of 


acetate or ethanol as substrate, oxygen uptake was 
inhibited by stilboestrol at concentrations at 
which it increased the respiration of impoverished 
yeast, but with glutamate, which was oxidized 
only slowly by this yeast suspension, stilboestrol 


had no effect. 


Effect on oxidative phosphorylation 


DNP has been shown to uncouple oxidative 
phosphorylation. In concentrations of 5x 10~°— 


2 x 10-4m, DNP was found to prevent the uptake of 


inorganic phosphate without affecting, or with 
slight stimulation of, the oxidation of glutamate by 
a rabbit-kidney homogenate (Loomis & Lipmann, 
1948). 

In order to determine whether stilboestrol and 
related compounds have a similar effect on oxi- 
dative phosphorylation, cyclophorase preparations 
from rat liver were incubated with some of these 


ss & 
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Table 2. Effect of stilboestrol and related compounds on oxidative phosphorylation 
in a cyclophorase preparation 


0-3 ml. of 0-01 Mm adenosine 5’-P, 0-1 ml. of 0-2M-MgSO,, 0-3 ml. of 0-2m phosphate buffer, pH 7-4 (KH,PO, + K,HPO,), 
0-3 ml. of 0-1m sodium glutamate, 0-3 ml. of 0-26m fructose, 0-5 ml. of hexokinase, 1 ml. of cyclophorase preparation , 
(equivalent to 2 g. fresh wt. liver), 0-1 ml. of 0-39m-NaF, +0-1 ml. of stilboestrol, were incubated in main compartment of 
Warburg vessels, 0-5 ml. of 70% trichloroacetic acid in side arm. Gas phase, air; 30°; 0-2 ml. of 20% KOH in centre well. 


Duration of experiment, 10 min. 


Inhibition of 
P/O ratio 


Addition pg.-atoms O, yg.-atoms P P/O ratio (%) 
None 11-0 23-5 2-1 —— 
4x 10-‘m stilboestrol 8-2 0 0 100 
3 x 10-4 stilboestroi 8-8 8-1 0-92 56 
10-*M stilboestrol 8-0 10-7 1-36 35 
5 x 10-5 stilboestrol 10-8 18-4 1-7 19 
None 10-5 17-9 1-7 — 
2 x 10-*m hexoestrol 9-5 2-8 0-29 83 
10-*m hexoestrol 11-2 10-5 0-93 45 
None 9-5 19-9 2-1 — 
2 x 10-*m dihydroxystilbene 10-8 17-9 1-6 24 
None 11-0 17-5 1-6 _- 
4 x 10-*m dihydroxyhexoestrol 10-9 16-6 1-5 0 


compounds in the presence of glutamate as sub- 
strate (Table 2). Oxygen uptake and disappearance 
of inorganic phosphate were measured, as described 
under Methods. It can be seen that both stilb- 
oestrol and hexoestrol, as well as increasing the 
respiration of yeast, inhibit the phosphorylation 
coupled to the oxidation of glutamate. Dihydroxy- 
stilbene also does so to a lesser degree, and di- 
hydroxyhexoestrol has no effect on yeast respira- 
tion or on oxidative phosphorylation. 

The lowering of the P/O quotient was not due to 
the inhibition by these compounds of the yeast 
hexokinase which was added to the above system, 
as is shown in Table 3. 


Table 3. Effect of stilboestrol on hexokinase activity 

0-5 ml. of hexokinase; 0-5 ml. of 0-054mM-NaHCO,; 
0-1 ml. of 0-5m glucose; 0-2 ml. of M-NaF; +0-1 ml. of 
stilboestrol; water to total of 2-5 ml. in main compartment. 
0-4 ml. of 0-02M-ATP; 0-05 ml. of 0-1m-NaHCO, ; 0-05 ml. 
of 0-2m-MgCl, added from side arm. Gas phase, N, +CO, 
(95:5); 30°. 


pl. CO,/ 
Conditions first 20 min. 
No stilboestrol 130 
5 x 10-4 stilboestrol 129 
2 x 10-* stilboestrol 130 
4 x 10-*m stilboestrol 130 
No ATP 0 
No hexokinase 0 


Table 4. Effect of stilboestrol and related compounds on the 
ATPase activity of myosin 


0-5 ml. of myosin (0-5 mg. protein/ml.); 0-6 ml. of 0-1m glycylglycine buffer, pH 8-9; 0-1 ml. of 0-1m-CaCl, ; 0-4 ml. of 


0-0i13m ATP; stilboestrol and other compounds dissolved in 


NaOH, water to final volume of 2 ml. Incubated 15 min. 


at 30°. The value at zero time has been subtracted in each case (average value 17 ug. P/ml. TCA supernatant). 


Compound added 
None 
Stilboestrol 


None 
Dihydroxyhexoestrol 
None 


Diethyldi-(4-hydroxyphenyl)methane 


Concn. Total pg. P Inhibition 
(m) liberated/15 min. (%) 
=e 82 ee 

10-7 82 0 

10-6 82 0 

5 x 10-5 81 ] 

10-4 74 10 

4x10-4 40 51 

7x 10-4 32 61 
— 56 — 

4x10-4 56 0 
— 82 

10-4 77 6 

4x 10-4 53 36 
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Effect on AT Pase 


The effect of stilboestrol and related compounds 
on the ATPase activity of a myosin preparation 
was determined by measuring the amount of 


' inorganic phosphate liberated on incubation of the 


enzyme with ATP in the presence of 5 x 10-*m- 
CaCl, and buffer at pH 8-9. In contrast to the 
effect of DNP, which in suitable concentrations 
enhances ATPase activity (Lardy & Wellman, 
1953), stilboestrol and diethyldi-(4-hydroxypheny]l)- 


methane were found to inhibit the ATPase activity, 


whereas dihydroxyhexoestrol, which was shown 
above not to uncouple oxidative phosphorylation 
in liver preparations, had no action (Table 4). 
Attempts to reverse the inhibition by stilb- 
oestrol of myosin ATPase by incubating the 
enzyme with cysteine (10-?M) under anaerobic con- 
ditions in Thunberg tubes for 15 min. at 30° were 
unsuccessful and no reactivation was obtained. 


DISCUSSION 


The effect of increasing the endogenous respiration 
of yeast cells at low concentrations and inhibiting 
at higher ones was observed in these experiments 
to be caused by many compounds which are 
chemically related to stilboestrol. Several of these 
substances are powerful oestrogens, although some 
of them, such as_ 1:2-di(4’-hydroxyphenyl)cyclo- 
hexane, which are biologically inactive, also 
increase the oxygen uptake of yeast cells to the 
same extent as the oestrogenic compounds. Of the 
compounds investigated so far, none that lack this 
ability to imerease respiration is oestrogenically 
active, with the exception of af-dimethylstilb- 
oestrol monomethyl ether, which has only very 
slight oestrogenic activity. It can be concluded 
that the effect on yeast respiration by the com- 
pounds shown in Table 1 is not clearly related to 
their biological activity, but appears to depend on 
the presence in the molecule of two unsubstituted 
phenolic groups and non-polar alkyl side chains on 
the carbon atoms joining the two benzene rings. 
Neither of the two naturally occurring oestrogens, 
oestrone and oestradiol, was found to increase the 
rate of oxygen uptake of yeast cells at any concen- 
tration tested. 

Hochster & Quastel (1949) observed the in- 
hibitory action of stilboestrol on various dehydro- 
genase systems, and this they attributed to its 
role, in the form of a quinone, as a competitive 
hydrogen carrier. By analogy, Shacter (1953a) 
suggested that the inhibitory effect on yeast 


respiration may also be due to the action of stilb- 
oestrol as a competitive hydrogen carrier. This, 
however, is unlikely according to the experiments 
shown in Table 1, since compounds, such as diethy]- 
di-(4-hydroxyphenyl)methane, 


which have the 
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same effect as stilboestrol on yeast respiration 
are incapable of forming para-quinones without 
rupture of the molecule, as the carbon atom joining 
the two benzene rings is fully saturated by alkyl 
groups, there being thus no possibility of double- 
bond formation. 

The action of stilboestrol and related compounds 
was found to be very similar to that of DNP, not 
only on yeast respiration, but also on oxidative 
phosphorylation in a cyclophorase system, the 
latter being completely inhibited by 4x 10-*m 
stilboestrol. It has been suggested (Hunter, 1951) 
that this uncoupling of oxidation from phosphoryl- 
ation may be due to the breakdown of ATP by 
ATPase, the activity of which is enhanced by 
DNP. Stilboestrol, on the other hand, inhibited 
ATPase activity of myosin. Some preliminary 
experiments on the effect of stilboestrol on this 
enzyme indicate that this inhibition is probably 
non-competitive, as it seems to be independent of 
substrate concentration. As it was not possible to 
reverse the inhibition of myosin ATPase by means 
of cysteine, it is unlikely that the inhibition is due 
to the interaction of stilboestrol with the sul- 
phydryl groups of the enzyme, unless the combina- 


tion is unusually firm. 


Since certain thyroid hormones also uncouple 
phosphorylations in mitochondrial preparations 
(cf. Klemperer, 1955) and since the more rapidly 
acting acetic acid analogues of thyroxine and tri- 
iodothyronine cause an increase in kidney-slice 
respiration in vitro (Thibault & Pitt-Rivers, [955), 
it is proposed now to extend this study to include 
the effects of these compounds on the systems 
studied in this paper. 


SUMMARY 


1. The effect on the endogenous respiration of 
yeast cells of stilboestrol, a group of compounds 
chemically related to it, and some naturally 
occurring oestrogens, has been investigated. 

2. It has been shown that the increase in yeast- 
cell respiration caused by stilboestrol and many 
chemically related compounds is not only a property 
of the biologically active substances, but depends 
on the chemical structure of the compounds. The 
natural oestrogens, oestrone and oestradiol, had no 
effect on the rate of oxygen uptake of yeast cells. 

3. When yeast cells were respiring in the 
presence of acetate or ethanol, the oxygen uptake 
was inhibited by stilboestrol. In the presence of 
glutamate, stilboestrol had no effect on yeast 
respiration. 

4. The substances which are able to increase 
yeast-cell respiration have been shown to uncouple 
oxidation from phosphorylation in cyclophorase 
preparations. 
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5. Myosin adenosine triphosphatase is strongly 
inhibited by stilboestrol and related compounds. 
This inhibition is probably of the non-competitive 
type. 

I would like to thank Professor F. Dickens, F.R.S., for 
his interest and advice. This work was carried out during 
the tenure of a Stothert Research Fellowship of the Royal 
Society. 
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The Excretion of Amino Acids by the Human 
A QUANTITATIVE STUDY WITH ION-EXCHANGE CHROMATOGRAPHY 


By D. F. EVERED* 
Medical Unit, University College Hospital Medical School, University Street, London, W.C. 1 


(Receiwed 20 April 1955) 


Application of the simple, highly specific method 
of paper chromatography (Consden, Gordon & 
Martin, 1944) to urme analysis (Dent, 1946) con- 
firmed that certain amino acids were excreted in 
small amounts in the urine of healthy subjects. 
Definite patterns of excretion have been later 
demonstrated, characteristic of the individual and 
varying but little with exogenous changes (Dent & 


Harris, 1951; Dent, 1952). Stein (1953), using 
chromatography on columns of ion-exchange 


resins, has now reported accurate values for 
twenty-one urinary amino acids. 

In the present study an excessive excretion of 
some or many of the amino acids in amounts much 
greater than normal is taken as a definition of 
amino aciduria. Certain patients show amino 
aciduria together with characteristic, but appar- 
ently unrelated, symptoms and _ biochemical 
changes. Such disorders of amino acid output are 
thought to occur mainly as a result of two distinct 
the ‘renal’ mechanism, when the 
plasma are normal the ‘overflow’ 
mechanism when a rise in plasma level is the 
immediate cause of the increased excretion (Dent, 
1954). 

Much of the evidence for this hypothesis rests 
on qualitative experiments, using chiefly paper 
chromatography. The more quantitative data have 
by methods of an insufficiently 


mechanisms, 


levels and 


been obtained 
* Present address: School of Agriculture, University of 


Cambridge. 


specific kind, such as «-amino nitrogen determina- 
tions, and have given rise to controversy. Thus in 
the Fanconi syndrome conflicting opinions are 
held: Dent (1947, 1954) has reported normal plasma 
levels, but Bickel & Smellie (1952) and Woolf 
(1951) have reported levels raised 50-100 % above 
the normal range, so that only Dent considers this 
amino aciduria to be renal. 
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Of the general methods available for the quanti- ¢ 


tative determination of amino acids, paper 
chromatography is subject to large errors with 
biological fluids. Microbiological assay is limited 
by several important criteria. For example, only 
an amino acid for which a known organism has 
a specific growth requirement can be assayed, the 
values obtained being liable to error if other com- 
pounds can be substituted for the test substance. 
On the other hand, the quantitative method of ion- 
exchange chromatography (Moore & Stein, 1951; 
Stein, 1953) is accurate within the limits of experi- 
mental error, can assay all the amino acids present, 
is unaffected by combined forms or homologues of 
the amino acids and facilitates the identification 
of previously unknown constituents. The experi- 
mental conditions used do not permit separation of 
optical isomers, if present, but this is probably 
unimportant except in feeding experiments with 
unnatural isomers, which have higher renal 
clearances than the natural isomers (Bonetti & 
Dent, 1954). The ion-exchange method, although 
time-consuming, permits a re-examination of the 
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theories of amino aciduria by providing accurate 
determinations of the amino acids in both urine 
and plasma. From these figures plasma clearances 
can be calculated for each individual amino acid. 

The present study has been confined to the 
healthy human and to patients with the Fanconi 
syndrome (both in the child and the adult), the 
‘Hartnup syndrome’ (defined below), cystinuria, 
phenylketonuria and a new syndrome in which 
excessive glycine excretion occurs together with 
severe osteomalacia. A variant of the normal, 
involving excretion of large amounts of B-aminozso- 
butyric acid in the urine (Crumpler, Dent, Harris & 
Westall, 1951), has also been studied. 


EXPERIMENTAL 


Patients studied 


Healthy individuals. Nos. 1, 2 and 3 were males aged 27, 
45 and 40 years respectively. No. 15 was a female aged 
22 years and no. 8 a 41-year-old healthy male showing an 
excessive excretion of B-aminoisobutyric acid. 

Phenylketonuria. The patient studied (no. 6) was a girl of 
24 years, of apparently unrelated parents, but the elder 
sibling also was a phenylketonuric. On a constant milk 
diet (equivalent to about 1-5 g. of phenylalanine/day) she 
excreted large amounts of phenylpyruvic acid as shown by 
the strong blue-green colour reaction on addition of FeCl, 
solution to the urine. A random urine sample, collected 
about 3 hr. after food, was analysed and the daily output 
calculated from the total nitrogen when 24-hourly collec- 
tions were available subsequently on the same diet. 

Child Fanconi syndrome. The patient was a 4-year-old 
child showing the typical clinical and biochemical signs, 
including the skeletal lesions, cystine crystals in the cornea 
and a marked proteinzria. The urine was analysed while 
she was maintained on a citrate-bicarbonate mixture with 
large doses of vitamin D,, and while she was making 
excellent clinical recovery (Fig. 3 of Dent & Hodson, 1954). 

Adult Fanconi syndrome. Subjects 4 and 5 (female); 
10 and 11 (male). The four individuals were siblings of un- 
related parents, no. 4 being the proposita (see Dent & 
Harris, 1951). She had a gross amino aciduria as shown by 
paper chromatography, and severe osteomalacia which had 
been treated by alkalis and vitamin D. The urine specimen 
from this patient was infected with bacteria due to in- 
adequate preservation. The analytical values are not re- 
ported here but were very similar to those for urine from 
the patient’s sister. Specimen U5 had been frozen at -— 10°, 
after addition of toluene, for over a year since the death of 
the patient. None of the other subjects originally showed 
any clinical symptoms, although all were short in stature 
and all showed the usual changes in plasma and urine 
electrolytes. Since chromatography showed them to have 
the typical amino aciduria of the Fanconi syndrome (Dent, 
1947), they were thought to be in the course of developing 
the disease. There was also a further sibling normal in 
every respect. No. 10 has since developed osteomalacia and 
is being treated with alkalis and vitamin D, but no. 11, the 
youngest, is well and untreated. 

The Hartnup syndrome. An account of this new form of 
hereditary amino aciduria is in the course of being written 
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up by the many investigators concerned. Brief mention of 
it has been made by Dent (1952) under the name then in 
current use, ‘Harts syndrome’. The proposita (no. 9) was 
a female of 22 years. She was almost symptom-free at the 
time. Her brother (no. 12), aged 14, was studied after a 
febrile attack of unknown origin. He was on an ordinary 
diet for one day, before the test period, after being on a low 
protein diet. 

Cystinuria. No. 16 was a man of 44 years diagnosed as 
cystinuria with stone formation and essential hypertension ; 
X-rays revealed stones in the pelves of both kidneys. He 
was being treated with sodium bicarbonate and a high water 
intake. 

Osteomalacia with excessive glycine excretion. Certain 
patients showing vitamin D-resistant rickets or osteo- 
malacia exhibit a high glycine excretion (Astrup & Dent, 
unpublished observation). Two patients with this ‘super- 
glycine’ pattern were studied. The first, a 21-year-old 
woman, had a markedly short stature, gross osteomalacia 
on X-ray and phosphaturia with a low renal threshold for 
phosphate. Her plasma phosphate level was lower than 
normal. The second patient, a 36-year-old man, was 
clinically similar but had been satisfactorily treated for 
many years with large doses of vitamin D,. His urine was 
analysed when the level of plasma phosphate had been 
raised by therapy and when he was somewhat overdosed 
with vitamin D,. 


Collection, treatment and analysis of specimens 


Except for the sample from the phenylketonuric child, 
only samples from 24-hourly collections of urine, preserved 
at 4° with toluene, were analysed, since random samples 
would not necessarily give comparable figures between 
different individuals. About 4 ml. samples of urine from 
normal adults were required, unless the specimeris were 
unduly concentrated, and 1—2 ml. from pathological cases. 

Blood samples were collected at midday, i.e. 4-5 hr. 
after food, to obtain virtually fasting plasma at a con- 
venient time. At least 30 ml. of blood were collected from 
an arm vein into a centrifuge tube containing heparin, 
mixed and spun down at once. Immediately 5 ml. of 
plasma were added dropwise to each of two 25 ml. portions 
of 1% (w/v) picric acid solution (Hamilton & Van Slyke, 
1943), well shaken and the protein precipitates spun down 
in the centrifuge. The measured supernatants, filtered 
through a dry cotton-wool plug to remove floating particles, 
were passed through a column of 0-5-1-0 g. fine Dowex 2 
resin previously washed with 2N-HCl and distilled water. 

The column was then washed with distilled water until 
the effluent was no longer acid to indicator paper. The 
liberated HCl was partly neutralized by the addition of 
0-4 ml. of N-NaOH and the combined effluent and washings 
were evaporated to 1-2ml. in the rotary evaporator 
(Craig, Gregory & Hausmann, 1950). Samples B8 and BY 
were freeze-dried at this stage to lessen the risk of hydro- 
lysis. The residual liquid was washed on to a 100 cm. 
Dowex 50 resin column with pH 3-42 citrate buffer for 
analysis. 

Paper chromatography. All specimens were examined 
by two-way paper chromatography on large sheets 
(18 in. x 22-5 in.) of Whatman no. 4 paper, using saturated 
aqueous phenol solution (in the presence of NH; vapour) 
and collidine—lutidine-water (+diethylamine vapour) as 
solvents (Dent, 1948). Desalted samples of urine equivalent 
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to 250 yg. total N (micro-Kjeldahl) were analysed and also 
samples containing ten times as much N (from normal 
subjects) and five times as much N (from cases with amino 
aciduria). The overloaded chromatogram made it possible 
to detect amino acids present only in trace amounts. 
Methionine and cystine were detected by oxidation with 
H,O,-ammonium molybdate mixture and subsequent 
paper chromatography (Dent, 1947). Chromatograms of 
125 and 625 yl. of plasma ultrafiltrate were also run after 
electrolytic desalting. Since the plasma samples were 
obtained on a different day from that of the urine collec- 
tion, a random urine specimen, obtained at the same time 
as the venepuncture, was subjected to paper chromato- 
graphy to confirm that no gross change had occurred in the 
urinary pattern. 

Urinary cystine determinations. The cystine content of 
the fresh urine was determined with a Tinsley polarograph, 
using the method of Reed (1942) removing proteins, if 
present, by ultrafiltration through a collodion membrane. 
The supporting buffer solutions were as used by Fowler, 
Harris & Warren (1952). 

Ion-exchange chromatography. The method of Moore & 
Stein (1951) was used to determine the amino acids of 
blood plasma after satisfactory yields had been obtained 
on 12% cross-linked Dowex 50 resin with an acid hydroly- 
sate of purified bovine plasma albumin. For urine analyses 
the 12% eross-linked resin was also used together with 
Stein’s (1953) modified method. A fraction collector was 
used to obtain 1 ml. fractions. The positions of eluted 
peaks were checked by analysing mixtures of synthetic 
amino acids and testing alternate fractions by paper 
chromatography. To prepare specimens for the chromato- 
grams, salts were removed by passage through a small 
column of Zeo-Karb 215 (about 0-7 g., 60-80 mesh/in.) in 
the acid form and the amino acids eluted by 0-1N-NH3. 
Separate determinations of urinary B-aminoisobutyric acid 
were made on 100 cm. columns of 4% cross-linked Dowex 
50 resin, eluting the amino acids in 1-5 ml. of urine 
(previously brought to pH 4-3-4-5 by addition of cone. HCl) 
by pH 4-75 sodium citrate buffer. After the first 70 ml. of 
effluent had been discarded, 1 ml. fractions were collected, 
the f-aminoisobutyric acid being present at about 80- 
90 ml. The fractions were analysed by the colour reaction 
with ninhydrin-SnCl, reagent, as in the main method, but 
the conen. of amino acid was calculated by comparison 
with a calibration curve obtained with synthetic B-amino- 
isobutyric acid at pH 4-75. When clear separations were 
not obtained at pH 4-75 satisfactory analyses were possible 
at pH 4-5. B-Alanine was eluted in the same range, but it 
rarely occurs in human urine and was neglected on the 
evidence of the two-way paper chromatograms. y-Amino- 
n-butyric acid was probably included in the peak; how- 
ever, it was equivalent to only 2-4 mg./day at the most. 

Urinary amino acids. Some of the taurine results were 
unsatisfactory, owing to a coincident sudden rise in the pH 
of the eluate which made it impossible to neutralize 
exactly the appropriate fractions, with a corresponding 
inaccuracy in the ninhydrin colour yield. This was probably 
due to the liberation of sodium ions from the resin by excess 
of acid in the specimen (Dr J. P. Dustin, personal com- 
munication). No separation of aspartic acid from threonine 
would be expected, possibly owing to the highly acidic 
fore-run in the modified method of Stein (1953) and the 


combined peak was calculated as threonine. Paper 
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chromatography suggested an excretion of less than | 
15 mg./day of aspartic acid by the healthy subjects, as no 
aspartic acid spot was detected by paper chromatography 
on analysis of the amount of urine containing 10 x 250 yg. 
of total N. Not even the slight separation of serine and 
asparagine reported by Stein (1953) was obtained under the 
present experimental conditions, and the combined peak 
was calculated as serine. This peak is probably also con- 
taminated with glutamine as shown for rat-plasma analyses, 
(Rosen & Levenson, 1953) and for urine from Wilson’s 
disease (Stein, Bearn & Moore, 1954). Minimal values were 
obtained for the basic amino acids and taurine (Stein, 
1953).* 

Plasma amino acids. Serine, asparagine and glutamine / 
were again inseparable, being calculated as serine, and 
similarly tryptophan and ornithine overlapped to form ) 
a single peak. Satisfactory arginine peaks were not 
obtained, or expected. 

Approximate plasma clearances. These were only approxi- 
mate values, as the urine and blood samples were collected 
at different times. The figures were calculated from the 


formula: Approximate plasma clearance=UV/P ml. of * 
plasma cleared/min., where U represents the urinary 

amino acid (mg./100 ml.), P the plasma amino acid (mg./ ? 
100 ml.), and V the urine volume (ml./min.). Values for 

U of <5 or <10 mg./day were included in the sum for | 

calculating total clearances. 

RESULTS 
Normal urinary and plasma amino acids } 
B-Aminoisobutyric acid. Urine from fifteen ) 


healthy males and nine females whose ages 
ranged from 20 to 55 years was analysed. They can 
be conveniently divided into three groups accord- 
ing to the amounts of f-aminoisobutyric acid 
excreted. Group 1 consisted of nineteen subjects 
who excreted 4-28 mg./day. Group 2 consisted of ! 
three subjects who excreted 41, 43 and 55 mg./day 
respectively (the figure of 55 mg. was the average 
for two different days on which the figures ob- 
tained were 38 and 72 mg./day respectively). 
Group 3 consisted of two subjects who excreted 
177 and 116 mg./day respectively (the latter was 
the average for two consecutive days on which the + 
figures obtained were 99 and 134 mg./day re- 
spectively). } 
Other urinary amino acids. The daily histidine 
excretions for healthy British subjects were con- 
sistently much lower than those of Stein (1953) 
with the same technique. This suggests that the 
difference is due to a higher protein intake by 
individuals in the U.S.A., a suggestion which is 
confirmed by the much higher urinary nitrogen 
output of the latter. Feeding diets containing in- 


’ 


* Note added in proof. The unidentified ampholytes 
present in normal urine, in amounts of less than 5 mg./day 
(Westall, 1955), were not investigated, although minor 
peaks similar to those of Stein (1953) were constantly 
observed in the elution diagrams. 
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| creasing amounts of proteins in ordinary foods has 
resulted in increased histidine excretions (Eckhardt 

& Davidson, 1949). In addition to the histidine 

ingested in proteins, carnosine (f-alanylhistidine) 
. present in the diet as a constituent of mammalian 
muscle (Zapp & Wilson, 1938) may act as a source 
of urinary histidine, the f-alanine being rapidly 
deaminated (Graf & Hoberman, 1950). Micro- 
biological assays agree well with the lowest levels 
for histidine excretion reported in the literature 
(Frankl & Dunn, 1947), but analyses by chemical 
methods (such as the bromine colour reaction) tend 
to be higher, possibly owing to the inclusion of 
methylhistidines (Armstrong & Walker, 1932; 
Chatterway, 1947). 

The influence of diet on methylhistidine ex- 
cretion is also very marked, a British subject 
visiting the U.S.A. showing a change in the 
urinary pattern involving only histidine and 
methylhistidine but no other amino acids. Paper 
chromatography had shown initially only a faint 
histidine spot with an otherwise normal pattern, 
but on the more generous American diet a strong 
histidine spot with a faint methylhistidine spot 
was superimposed (Miss D. I. Fowler, unpublished 
work). Taurine excretions from satisfactory experi- 
ments were lower than those of Stein (1953), again 
suggesting a reflexion of the high level of meat 
consumption in the U.S.A. compared with that in 
} this country. 

Most of the urinary assays agree well with 
published values by other methods, with the 
following exceptions: for cystine, the polarograph 
gave values that were 21-48 mg./day higher than 
those obtained by the ion-exchange method for 
healthy subjects (Tables 1 and 2). Reed (1942) 
obtained a normal range of 40-80 mg./day by 
polarography, which compares with about 10 mg./ 
day by the ion-exchange method (Stein, 1953). The 
former agrees well with the reported range of 35- 
63 mg./day by microbiological assay (Camien & 
Dunn, 1950), which tends to give high estimates. 
+ The reason for the different value may be that the 
| polarograph determines some compound, in addi- 
tion to free cystine, which is present in normal 
urine in almost constant but larger amounts. The 
polarographic method determines cysteine with the 
cystine, but the former is not likely to be present in 
view of the oxidizing conditions in urine; further, 
| the nitroprusside reaction for -SH groups applied 
to urine (Brand, Harris & Biloon, 1930) is always 
negative unless cystine is first reduced to cysteine 
by the addition of cyanide. Some decomposition of 
cystine may occur on the resin column during the 
2-3 days required to elute this amino acid, al- 
though Stein (1953) obtained quantitative re- 
coveries of added cystine. Re-investigation of this 
problem by ion-exchange chromatography after 
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oxidation of cystine to the more stable cysteic acid 
(Schram, Moore & Bigwood, 1954) should be a 
promising approach. 

For urinary glutamic acid the higher values ob- 
tained by microbiological methods (Dunn, Camien, 
Shankman & Block, 1947; Steele, Sauberlich, 
Reynolds & Baumann, 1947) may well be due to the 
decomposition or microbiological availability of com- 
bined glutamic acid (Stein, 1953). Phenylacetylglut- 
amine recently isolated from urine (Stein, Paladini, 
Hirs & Moore, 1954) might function in such a way. 
In the present investigation, in order to reduce 
losses of glutamine etc. specimens were preserved 
with toluene at 4° and analysed as soon as possible 
after the end of the collection period. 

Results for alanine were lower than by the 
colorimetric method of Gutman & Alexander 
(1947), even without subtraction of the amino- 
adipic acid probably present (Stein, 1953). Methio- 
nine levels agreed well with those obtained by 
microbiological assay (Steele et al. 1947), but not 
with the very high and unlikely results of an un- 
specific oxidation method (Albanese, Frankston & 
Irby, 1944). Two urine samples each gave a peak in 
the position assigned to ethanolamine, the amount 
calculated being at the lower end of the range 
reported recently (Luck & Wilcox, 1953). 

Normal plasma amino acids. The literature shows 
a lack of plasma levels for taurine, aspartic acid, 
proline, ornithine, ethanolamine, «-amino-n-butyric 
acid and f-aminoisobutyric acid. Comparisan of 
the values obtained in the present work with 
available plasma levels for the remaining amino 
acids (Table 3) showed the following differences: 
Use of a decarboxylase gave higher values for 
glutamic acid together with reduced glutamine 
levels (Krebs, Eggleston & Hems, 1949). Possibly 
this is due to hydrolysis of a labile precursor of 
glutamic acid, if not some of the glutamine itself, 
during the acid pretreatment of the plasma. 
Polarography applied to the determination of 
plasma cystine (Fowler et al. 1952; Dent, Senior & 
Walshe, 1954) gave results which agreed well with 
analyses on ion-exchange resins (Stein, Bearn & 
Moore, 1954), but the few values reported in the 
present paper were lower. The plasma citrulline 
content would appear to be low, as a definite peak 
was seen with only one sample and was equivalent 
to only about one-half of the value found by 
Archibald (1944). Resolution of the peak in the 
tryptophan-ornithine position was not attempted 
here. Microbiological values for methionine 
(Harper, Kinsell & Barton, 1947), threonine, iso- 
leucine, leucine and histidine (Hier & Bergeim, 
1946) seem all comparatively high (Table 3). 
Peptides or other derivatives present may be: 
microbiologically available and may therefore be: 
included in these assays. 
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Amino aciduria 
Phenylketonuria. The values for urinary amino 
acids for the child with phenylketonuria were 
compared with those for two normal 1l-year-old 
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exception of the phenylalanine, the value of 
90 mg./day representing some thirty times that in 


the controls (Table 2). The minor increase for 
glycine may be dietary or inherent in the patient’s | 
genotype, while the slightly raised histidine almost ; 


certainly originated in the diet. The cystine value 
was very low but the polarographic figure was } 
nearer to the normal. This abnormally high 
phenylalanine excretion, equivalent to nearly 


children, on a diet of cow’s milk equivalent to 
12-15 g. of protein/day (Jonxis & Huisman, 
1953). Most of the values agreed with the normal 
controls within a factor of 2, with the outstanding 


Table 1. Free urinary amino acids (mg./24 hr. collection) of healthy adults 


Normal range: Present values obtained by ion-exchange chromatography for 











earlier values obtained by — L ~ 
A Males 
Ton Other ——_—_—_4 ~\ Female ‘f° excretor 

Amino acid exchange* methods{ Ul U2 U3 U15 U8, 3 
Taurine 86-294 -— 81 61 35 80 61 
Hydroxyproline — i — _ — — —_ r 
Aspartic acid* <10 0-1% ) 7 an- is = - 
mikes 15-53 19-254 } 17 30 37 i 18 5 
Serine 27-73 21-27¢ ) . - 
Asparagine 34-92 — j “« 134 100 30 53 i 
Sarcosine = — 5 9 9 <5 - 
Glutamic acid 8-40 0-61° ¢ 7 12 19 5 <5 
Proline <10 7-15¢ shat = = <5 <I 
Citruiline = — — — — <5 <5 
Glycine 68-199 120-737° 4 (C) 68 112 148 24 84 
Alaninet 21-71 —~ 17 29 37 12 22 
Cystinet 10-21 40-1089" (P) 5 (26) 15 (63) 6 (27) <5 (40) <5 (27) 
Valine 4-6 4-124, # <5 <5 8 <5 <5 
Methionine <5-10 2-8° 4 6 9 <5 <5 <5 ’ 
Isoleucine 14-28 3-14¢ # <5 22 13 <5 14 
Leucine 9-26 0-13¢ 10 9 <5 <5 <5 
Tyrosine 15-49 11-444. 5 (E) 18 24 26 ll 25 
Phenylalanine 9-31 3-34° 4 11 18 13 9 13 
B-Aminoisobutyric acid —- — 18 13 (15)|| 9 5 185 
y-Amino-n-butyric acid - — <5 <5 (7) <5 <5 <5 
3-Methylhistidine 50° — 33 47 (47) 40 21 33 
Histidine 113-320 60-188 ¢ 59 101 (131) 130 16 76 
1-Methylhistidine 47-384 — 9 28 29 10 43 } 
Hydroxylysine -— -- — — ~- — — 
Tryptophan }| 8-25°%4 | . : eon = 2 
Ornithine | ae — j : : ° 
Lysine 7-48 1-47¢ # 7 17 — 8 <5 
Ethanolamine — 5—-57* (C) 11 --- — <5 <5 
Arginine — 4-21%¢4 ? ? ? 24 ? 
Total§ 789-1194 — 426 690 663 266 627 
Urine volume (ml.) 900-2250 1630 1157 1470 840 1790 
Total nitrogen (g.) 9-7-22-1 — 11-4 10-9 15-1 5-9 11-0 , 
Body weight (kg.) 61-2-88-5 53-7 70-0 72-5 61-1 65-0 


Indicates that no peak was obtained in a position considered appropriate for a particular amino acid. 
? Denotes that a peak was obtained but that its identity was uncertain owing to the anomalous position or asymmetry of 
the peak. 
- implies <15 mg./day of aspartic acid by paper chromatography. 
Alanine probably includes some aminoadipic acid (Stein, 1953). 
Polarographic values for cystine in parentheses. 
Values given as <5 or <10 are not included in the totals. 
Values in parentheses for the basic amino acids under the heading U 2 were obtained on the short (15 em.) Dowex 50 
imn. 
Microbiological method unless otherwise stated. 
‘ Colorimetric method. P Polarographie method. 
4 Stein, 1953. > Tallan et al. 1954. 


5 
So SH t+ # 


E Enzymic method. 
© Steele et al. 1947. 
€ Dunn et al. 1947. 
» Frankl & Dunn, 1947. —¢ 
k Luck & Wilcox, 1953. | 


4 Woodson, Hier, Soloman & Bergeim, 1948. 
f Gutman & Alexander, 1947. 
‘ Eckhardt & Davidson, 1949. 


9 Reed, 1942. 
i Lawrie, 1947. 
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Table 3. 
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Free amino acids of blood plasma (mg./100 ml.) 


Earlier normal 
values by 


* The same numbering of subjects has been 


Ton 


Amino acid exchange" 
Taurine 0-4-0°8 
Aspartic acid Trace 
Threonine 1-2-1-7 
Serinet 1-0-1-3 
Asparagine 
Glutamic acid Q-4-1-2 
Citrulline _- 
Proline 1-8-3-3 
Glycinet 1-5-2-0 
Alanine 3-0-3-7 
Cystine 1-0- = 3 
a-Amino-n-butyric acid 0-2-0-35 
Valine 2-3- -3- 7 
Methionine 0-3-0-4 
[soleucine 0-7-1-3 
Leucine 1-4-2- 
Tyrosine 0-8-1-5 
Phenylalanine 0-7-1-0 
B-Aminoisobutyric acid - 
Histidine 0-8-1-5 
Tryptophan Trace 
Ornithine 0-6-0-8 
Lysine 2-5-3-0 
Ethanolamine Trace 
Arginine 1-2-2-0 
Total 25-28 


Other 


methods 


2-02" 


bt 


1-25¢ 


341° 


1-774 
3-977 
1-069 


2-83” 
0-85" 
1-60° 
1-91° 
1-48” 
1-382 


1-42" 
1-08? 


2-95? 


2-340 


| 


j 


B1* 
1-24 
0-2 
1-47 
4-83 
1-24 


2-67 
1-92 
3-36 
0-14 
2-16 
0-59 
1-1] 
1-45 
0-94 
0-67 
0-28 
0-74 
0-75 
2-42 
0-03 
1-55 
29-8 


Normal males 


0-80 
Trace 
0-93 


used as in Tables 1] and 2 


Present values by ion-exc *hé ange chremanogngy for 


1956 





‘Adult 
Normal B Fanconi Hartnup 
female ‘excretor’ syndrome syndrome 
B15 6, B8§ g,Bl0§ 9°, BY 
0-34 0-74 0-62 0-82 
- — 0-03 — 
1-51 1-34 1-15 0-61 
4-78 5-98 4-68 5-52 
0-77 0-29 1-73 0-72 
- 0-29 ~ = 
1-58 1-20 2-50 1-29 
1-15 1-58 1-74 1-07 
2-40 2-66 3-86 2-10 
0-81 0-68 0-39 0-60 
0-12 0-28 0-12 0-10 
1-93 1-51 1-70 1-14 
0-22 0-34 0-54 0-28 
0-72 0-81 0-97 0-48 
1-10 1-23 1-38 0-81 
0-87 0-65 0-92 0-66 
0-82 0-81 1-05 0-71 
— 0-15 Trace — 
1-02 1-10 1-05 0-43 
— | 0-60 0-67 0-46 
1-33 1-71 1-82 1-41 
0-04 Trace Trace Trace 
9 9 9 9 
22-1 24-0 26-9 19-2 


+ The serine/asparagine peak, probably also containing glutamine, was calculated as serine. 
{ The normal range given by Stein, Bearn & Moore (1954) for glycine also includes citrulline, not separated in their 


experiments. 


§ Deproteinized plasma from B8 and B10 was freeze-dried; all others were evaporated in vacuo at low temperature. 


Bearn & Moore, 1954. 
4 Barry, 1953. 


9 Dent et al. 1954. 


Table 4 


Amino acid 
Taurine 
Aspartic acid/threonine 
Serine/asparagine 
Glutamic acid 
Citrulline 
Proline 
Glycine 
Alanine ) 
Cystine | 
Valine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
B-Aminoisobutyric acid 
Histidine 
Lysine 


Clearance of total amino acids 


> Hier & Bergeim, 1946. 


© Krebs et al. 1949. 
” Harper et al. 1947. 


© Borden et al. 1950. 
f Christensen & Lynch, 


Approximate plasma clearances of amino acids 


ml. cleared per minute. 


Normal males 


Cl 
4-6 
0-6 
0-7 
0-4 


1 
5 
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Ihe OSS S 


ae 
esc 
mm OS OUR = GOO ~Tb 
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C2 
6-1 
1-5 
5-7 
0-6 
1-2 
0-1 
1-6 
1-7 
0-4 
1-5 
1-5 
75 
0-5 
1-9 


Normal 
female 
C15 
1-6 
0-5 
0-4 
0-5 
0-2 
1-5 
0-3 
0-6 
0-2 
1-6 
0-5 
0-3 
0-9 
0-8 


1-1 
0-4 
1-0 


Adult 
B Fanconi 
‘excretor’ syndrome 
g, C8 3, C10 

5-7 12 
0-9 34 
0-6 17 
0-3 21 
1-3 

0-3 32 
3-7 41 
0-6 25 
0-6 15 
0-3 20 
1-2 12 
1-2 12 
0-3 16 
2-7 30 
| 20 

85 

4-8 25 
0-2 29 
1-6 25 


1946. 


Hartnup 
syndrome 
9, C9 
1-9 
70 
29 


32 
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one-half of the total amino acids in the urine, 
agrees well with other studies in phenylketonuria 
(Dann, Marples & Levene, 1943; Jervis, 1950). 
Microbiological assay by Dr W. F. J. Cuthbertson 
of the plasma phenylalanine of the patient (while 
on a constant diet) 3 weeks and 1 week before the 
urine sample was collected gave results of 26 and 
28 mg./100 ml. respectively. These values agree 
well with published values in phenylketonuria 
obtained by a similar method (Borek, Brecher, 
Jervis & Waelsch, 1950). The phenylalanine level 
was about fifteen times that for normal children. 
Its approximate plasma clearance was 0-2 ml./min., 
uncorrected for the reduced surface area in the case 
of a child. The four healthy adults showed approxi- 
mate clearances of 0-8-1-5 for phenylalanine 
(Table 4), suggesting that its clearance in the 
phenylketonuric child was probably normal. 
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Fig. 1. Fanconi syndrome in the adult (g, U10). 


Normal 3, g; pathological, F. 


The Fanconi syndrome (child and adult forms). 
All the subjects studied showed excessive and 
qualitatively similar amino acid excretions, the 
totals varying from two to five times the average 
normal content (Fig. 1) and the amino aciduria 
being unaffected by treatment. Blood plasma 


analysed for one of the adult cases gave values 
similar to those obtained for the two healthy males 
and also to the figures already published for the 
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normal (Stein, Bearn & Moore, 1954). The low 
cystine value may reflect its enhanced elimination 
in the urine and consequent loss from the blood, as 
occurs in cystinuria (Dent et al. 1954). Approxi- 
mate plasma clearances for most of the amino acids 
were very high, agreeing well with the high clear- 
ances calculated from «-amino nitrogen analyses by 
the ninhydrin—CO, method (Dent, 1954). 

The Hartnup syndrome. The characteristic 
urinary amino acid pattern revealed by paper 
chromatography (Dent, 1952) was confirmed, 
especially the high values for serine, asparagine 
and citrulline, the normal values for taurine, proline 
and B-aminoisobutyric acid, and the low value for 
1-methylhistidine (Fig. 2). The last was particu- 
larly important, as the histidine excretions were 
high in both cases, suggesting that the excretion of 
1-methylhistidine here is not determined solely by 
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Fig. 2. Hartnup syndrome (3g, U 12). 


Normal 3, @; pathological, (1). 


dietary habit. The high clearance of 122 for histidine 
in the female case, approximately equivalent to the 
average normal glomerular filtration rate for the 
adult, suggests a complete lack of reabsorption. 
Cystinuria. The very high excretions for cystine, 
ornithine, lysine and arginine confirmed the 
excretion pattern for this disorder (Fig. 3). The 
presence of more than traces of tryptophan, which 
coincides with ornithine as a single peak, was 
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excluded by paper chromatography. An apparent 
twofold increase in isoleucine was noted, but may 
be an artifact (Stein, 1953). A small amount of 
hydroxylysine, not normally found in urine, was 
also detected, but a low taurine level (Stein, 1951) 
was not confirmed. Certain amino acids in the 
cystinuric urine were also assayed microbiologically 
by Miss E. B. Robson, using Escherichia coli. She 
found a value of 1-27 g./day for arginine, compared 
with 1-30 by ion exchange, and a value of 1-72 g./ 
day for lysine, compared with 1-40 by ion exchange 
and 1-74 by paper electrophoresis (by Dr H. Harris). 

Osteomalacia with excessive glycine excretion. The 
two patients studied were selected as the result of 
paper-chromatographic studies in this laboratory 
of a large number of people with a similar clinical 
condition (idiopathic or vitamin D-resistant 
osteomalacia). In both of these patients the output 
of glycine, proline and 1-methylhistidine was raised, 
according to the results of ion-exchange chromato- 
graphy. In addition, the female patient showed an 
increased taurine excretion, probably of dietary 
origin, and small amounts of hydroxyproline and 
citrulline in the urine (Fig. 4). The glycine excre- 
tions seemed approximately constant for each 
individual, when estimated by paper chromato- 
graphy, and were not influenced when phosphate 
excretion was greatly altered by variations in 
intake. 

DISCUSSION 


Numerically the approximate plasma clearances of 
amino acids for healthy humans form two badly 
defined groups, high values being obtained for 
histidine, taurine and glycine and low values for 
most of the other amino acids. With the exception 
of glycine, excretion of the first group appears to 
be grossly influenced by dietary intake, and the 
second group is little influenced by such exogenous 
factors. 

High values for the plasma ‘clearance’ of histi- 
dine have also been calculated on the results of 
microbiological assay (Sheffner, Kirsner & Palmer, 
1948). The actual figures are not at all comparable, 
since these workers calculated from the total 
plasma and urinary amino acids assayed after 
hydrolysis. Further, their use of the formula 
(plasma clearance = U»/ V/P) was not justified, as 
recent evidence suggests that the rate of amino 
nitrogen excretion does not vary with urine volume 
as does that of urea (Dent, 1954). The high plasma 
clearance of histidine may account, in part at least, 
for the increased histidine excretion by pregnant 
women (Armstrong & Walker, 1932; Soupart, 
1952). An already low renal threshold, if associ- 
ated with a slightly raised plasma level after the 
increased turnover in amino acid metabolism, 
would lead to an increase in the amount of histidine 
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eliminated. Simultaneous analyses of plasma and 
urine throughout pregnancy are necessary to test 
such an hypothesis. 

Calculation of plasma clearances for the methyl- 
histidines was not possible, as the plasma levels are 
too low to permit accurate determination. The 
high level of the methylhistidines in human urine, 
compared with their very low plasma level, sug- 
gests that the tubular reabsorption of these amino 
acids is very inefficient or that they are formed by 
the kidney. Urinary 1-methylhistidine is thought 
to arise ‘from ingested anserine (f-alanyl-1-methyl- 
histidine), which is well known to occur in most 
vertebrate muscle (Datta & Harris, 1951). The 
isomeric 3-methylhistidine recently isolated from 
urine (Tallan, Stein & Moore, 1954) may be 
derived from a similar f-alanyl peptide, but such 
a derivative has not yet been shown to occur in 
any tissue or body fluid. 

The taurine excretion may be correlated with the 
dietary intake of protein, but certain inbred mice 
show differences in taurine excretion (Harris & 
Searle, 1952), apparently due to genetically deter- 
mined differences in the renal threshold for taurine. 
Taurine almost certainly arises mainly from the 
metabolism of cystine or cysteine (Awapara & 
Wingo, 1953), these being readily interchangeable 
by reduction—oxidation. Many detoxication mech- 
anisms result in the synthesis of more acidic com- 
pounds which are said to be more readily eliminated 
by the kidney than their precursors (Quick, 1932). 
Hence the high clearance of taurine may be 
associated with its high acidity. However, since 
other, only slightly less acidic, amino acids (e.g. 
aspartic acid) are excreted in low concentrations, 
this explanation can only be tentative in the 
absence of other evidence. 

The significance of the high plasma clearance for 


glycine is unknown, although the first member of 


any homologous series of organic compounds 
usually shows anomalies in chemical and physio- 
logical reactions. Glycine can certainly exhibit 
unorthodox metabolic behaviour (Bach, 1952), and 
its competition with phosphate for renal reabsorp- 
tion may well be a further manifestation. How- 
ever, alanine infusions are also known to depress 
phosphate reabsorption (Ayer, Schiess & Pitts, 
1947). 

The second group, with low plasma clearances, 
includes most of the common amino acids. These 
amino acids are excreted at levels characteristic for 
the individual in a pattern little influenced by 
exogenous factors. It has been demonstrated by 
paper chromatography that in normal subjects 
three patterns of amino acid excretion commonly 
prevail, as far as the principal constituents are 
concerned, involving, namely: (1) glycine alone; 
(2) glycine and taurine; (3) glycine and 8-amino- 
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isobutyric acid (Dent & Harris, 1951). Each 
particular type seems constant, and is attributed 
to genetic as opposed to environmental factors, 
although, as shown above, taurine may play a 
double role. 

The approximate plasma clearance of B-amino- 
isobutyric acid for an hereditary ‘excretor’ of this 
substance is particularly interesting, the approxi- 
mate value of 85ml. of plasma cleared/min., 
compared with the average value of 127 for 
glomerular filtration rate (Smith, Goldring & 
Chasis, 1938), suggests that it undergoes little if 
any reabsorption from the renal tubule, although 
the other amino acids were excreted in normal 
amounts by this subject. These clearance data 
recall the situation in human cystinuria, where the 
clearance of cystine is approximately equal to that 
of inulin, also suggesting an absence of renal 
tubular reabsorption (Dent et al. 1954). Cystinuria, 
too, is well known to be under genetic control 
(Dent & Harris, 1951). 

Each type of hereditary amino aciduria may be 
considered in relation to the ‘overflow’ and ‘renal’ 
types of amino aciduria (Dent, 1954). Only 
phenylketonuria, of the types considered here, may 
be attributed to the ‘overflow’ mechanism. The 
urinary output of phenylalanine increases solely as 
the result of the raised plasma concentration, in 
full agreement with the report that the enzyme 
responsible for the oxidation of phenylalanine to 
tyrosine is absent from the liver in this disorder 
(Jervis, 1953). The low value for urinary tyrosine 
was interesting, as this amino acid is not considered 
to be essential for normal individuals but may be 
essential in phenylketonuria if, as is generally 
believed, phenylketonurics are unable to form any 
tyrosine at all from phenylalanine or its metabolic 
products. 

The raised clearance values clearly place the 
amino aciduria of the adult form of the Fanconi 
syndrome in the class arising from an inborn defect 
of renal reabsorption as originally suggested for the 
child form by Fanconi (1936). Reports that the 
plasma «-amino nitrogen and the distribution of 
amino acids in an adult case were both normal 
agree with this theory (Dent, 1947). 

In the Hartnup syndrome the low plasma levels 
for many of the individual amino acids and the 
low sum total for these levels combined with the 
raised clearances again point to defective renal 
reabsorption. This conceivably shifts the equi- 
librium of competing factors influencing the plasma 
level sufficiently to result in a low plasma concentra- 
tion of most of the amino acids. Why this is not 
observed also in the Fanconi syndrome is not 
obvious. 

The characteristic excessive excretions of orni- 
thine, lysine and arginine, as well as cystine, 
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were confirmed in cystinuria. Recent studies on 
the plasma cystine have revealed a statistically 
significant low plasma level in cystinuria (Dent 
et al. 1954) consistent with other evidence that this 
disorder constitutes a severe renal defect of tubular 
function (Dent & Rose, 1951). 

Deranged phosphate metabolism associated 
with excessive glycine excretion, which occurred in 
the patients with idiopathic osteomalacia, may be 
of theoretical significance in view of the known 
competition of phosphate and glycine for reab- 
sorption from the kidney tubule (Ayer e¢ al.1947). 
The increased urinary glycine and proline may be 
connected with the high content of these com- 
pounds in collagen (Block & Bolling, 1951), part of 
the organic matrix which forms bone after calcifi- 
cation. Collagen also contains a large amount of 
hydroxyproline (Neuman & Logan, 1950), but as 
only one patient excreted a detectable amount the 
finding may not be typical. The significance of the 
citrulline in this patient’s urine and the high ex- 
cretion of 1-methylhistidine in both cases cannot be 
explained. The condition may even be a variation 
of normality comparable with B-aminozsobutyric 
aciduria, but the final opinion must await further 
investigations specially directed towards a study 
of the plasma clearance of glycine in such people 
and in healthy individuals. 

The determination of plasma clearances for the 
amino acids by ion-exchange chromatography 
affords an elegant means of classifying a given 
amino aciduria, whether it be inherent or induced 
by infective or chemical agents. The improved 
gradient-elution method described since the 
present study was completed (Moore & Stein, 1954) 
could be used to study a number of problems. For 
example, the mechanism of the amino aciduria 
occurring in galactosaemia (Holzel, Komrower & 
Wilson, 1952) could be determined. Many toxic 
substances may inhibit renal reabsorption, but the 
evidence is often scanty or merely qualitative. 
Cases of amino aciduria following burns (Rosen 
& Levenson, 1953; Nardi, 1954) and poisoning by 
lead (Wilson, Thomson & Dent, 1953), uranium 
(Voegtlin & Hodge, 1949), ‘Lysol’ (Spencer & 
Franglen, 1952) or maleic acid (Harrison & 
Harrison, 1954) merit re-investigation. 


SUMMARY 


1. By ion-exchange chromatography daily ex- 
cretions of amino acids and midday plasma levels 
were determined for a number of healthy adults 
and for patients with amino aciduria. 

2. The normal subjects and each of the patients 
studied showed distinctive patterns of amino acid 
excretion, patients with the same syndrome show- 
ing characteristic similar patterns. 
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3. In phenylketonuria a high phenylalanine out- | 
put and a raised plasma level were found with a 
normal clearance. This suggests an overflow mech- 
anism due only to the renal threshold of pheny]l- 
alanine being exceeded. 

4. Conversely, low or normal plasma levels were 
found with the amino acidurias observed in the 
adult form of the Fanconi syndrome, the Hartnup 
syndrome and f-aminoisobutyric aciduria. This 
suggests defective renal tubular reabsorption of 
specific amino acids consistent with previous views 
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based on paper chromatography. The approximate 


plasma clearances of certain amino acids were of 


rate. 

5. The ion-exchange method also proved con- 
venient for the quantitative determination of f- 
aminoisobutyric acid. Assays on specimens from 
twenty-four healthy subjects gave results com- 
patible with published genetical researches using 
paper chromatography. 


It is a pleasure to thank Dr C. E. Dent and Mr R. G. 
Westall for their constant advice and encouragement. I am 
grateful to Mr D. A. Willoughby for technical assistance 
during the early stages and Miss V. K. Arrow during the 
later part of this investigation. The patients were all under 
the care of Dr C. E. Dent. I wish to acknowledge a grant 
from the Medical Research Council and permission from 
the University of London to publish this study, which 
forms part of a Ph.D. thesis. 


REFERENCES 


Albanese, A. A., Frankston, J. E. & Irby, V. (1944). ./. biol. 
Chem. 156, 293. 

Archibald, R. M. (1944). J. biol. Chem. 156, 121. 

Armstrong, A. R. & Walker, E. (1932). Biochem. J. 26, 143. 

Awapara, J. & Wingo, W. J. (1953). J. biol. Chem. 203, 189. 

Ayer, J. L., Schiess, W. A. & Pitts, R. F. (1947). Amer. J. 
Physiol. 151, 168. 

Bach, S. J. (1952). The Metabolism of Protein Constituents in 
the Mammalian Body, 1st ed. Oxford University Press. 

Barry, J. M. (1953). Nature, Lond., 171, 1123. 

Bickel, H. & Smellie, J. M. (1952). Lancet, 1, 1093. 

Block, R. J. & Bolling, D. (1951). The Amino Acid Compo- 
sition of Proteins and Foods, 2nd ed. Springfield: 
Thomas. 

Bonetti, E. & Dent, C. E. (1954). Biochem. J. 57, 77. 

Borden, A. L., Wallraff, E. B., Brodie, E. C., Holbrook, 
W. P., Hill, D. F., Stephens, C. A. L., Kent, W. J. & 
Kemmerer, A. R. (1950). Proc. Soc. exp. Biol., N.Y., 75, 
28. 

Borek, E., Brecher, A., Jervis, G. A. & Waelsch, H. (1950). 
Proc. Soc. exp. Biol., N.Y., 75, 86. 

Brand, E., Harris, M. H. & Biloon, S. (1930). J. biol. Chem. 
86, 315. 

Camien, M. N. & Dunn, M. S. (1950). J. biol. Chem. 183, 
561. 

Shatterway, F. W. (1947). Biochem. J. 41, 226. 

Christensen, H. N. & Lynch, E. L. (1946). J. biol. Chem. 
163, 641. 


the order to be expected of the glomerular filtration | 
> 
} 


} 











Ne 





Vol. 62 


Consden, R., Gordon, A. H. & Martin, A. J. P. (1944). 
Biochem. J. 38, 224. 

Craig, L. C., Gregory, J. 
Analyt. Chem. 22, 1462. 

Crumpler, R., Dent, C. E., Harris, H. & Westall, R. G. 
(1951). Nature, Lond., 167, 307. 

Dann, M., Marples, E. & Levene, 8. Z. (1943). J. clin. 
Invest. 22, 87. 

Datta, S. P. & Harris, H. (1951). Nature, Lond., 168, 296. 

Dent, C. E. (1946). Lancet, 2, 637. 

Dent, C. E. (1947). Biochem. J. 41, 240. 

Dent, C. E. (1948). Biochem. J. 43, 169. 

Dent. C. E. (1952). In Lectures on the Scientific Basis of 
Medicine, vol. 2, p. 213. London: Athlone Press. 

Dent. C. E. (1954). Exp. Med. Surg. 12, 229. 

Dent, C. E. & Harris, H.(1951). Ann. Eugen., Lond., 16, 60. 

Dent, C. E. & Hodson, R. J. (1954). Brit. J. Radiol., N.S., 
27, 605. 

Dent, C. E. & Rose, G. A. (1951). Quart. J. Med., N.S. 20, 
203. 

Dent, C. E., Senior, B. & Walshe, J. M. (1954). J. clin. 
Invest. 33, 1216. 

Dunn, M. S., Camien, M. N., Shankman, S. & Block, H. 
(1947). Arch. Biochem. 13, 207. 

Eckhardt, R. D. & Davidson, C. 8. (1949). J. biol. Chem. 
177, 687. 

Fanconi, G. (1936). Jb. Kinderheilk. 147, 299. 

Fowler, D. I., Harris, H. & Warren, F. L. (1952). Lancet, 
1, 544. 

Frankl, W. & Dunn, M. S. (1947). Arch. Biochem. 13, 93. 

Graf, J. & Hoberman, H. D. (1950). J. biol. Chem. 186, 369. 

Gutman, G. E. & Alexander, B. (1947). J. biol. Chem. 168, 
527. 

Hamilton, P. B. & Van Slyke, D. D. (1943). J. biol. Chem. 
150, 231. 

Harper, H. A., Kinsell, L. W. & Barton, H. C. (1947). 
Science, 106, 319. 

Harris, H. & Searle, A. G. (1952). 4nn. Eugen., Lond.,17, 165. 

Harrison, H. E. & Harrison, H. C. (1954). Science, 120, 606. 

Hier, S. W. & Bergeim, O. (1946). J. biol. Chem. 163, 129. 

Holzel, A., Komrower, G. M. & Wilson, V. K. (1952). 
Brit. med. J. 1, 194. 

Jervis, G. A. (1950). Proc. Soc. exp. Biol., N.Y., 75, 83. 


Db. & Hausmann, W. (1950). 


EXCRETION OF AMINO ACIDS BY THE HUMAN 


427 


Jervis, G. A. (1953). Proc. Soc. exp. Biol., N.Y., 82, 514. 

Jonxis, J. H. P. & Huisman, T. H. J.(1953). Voeding,14, 400. 

Krebs, H. A., Eggleston, L. V. & Hems, R. (1949) 
Biochem. J. 44, 159. 

Lawrie, N. R. (1947). Biochem. J. 41, 41. 

Luck, J. M. & Wilcox, A. (1953). J. biol. Chem. 205, 859. 

Moore, S. & Stein, W. H. (1951). J. biol. Chem. 192, 663. 

Moore, 8. & Stein, W. H. (1954). J. biol. Chem. 211, 893. 

Nardi, G. L. (1954). J. clin. Invest. 33, 847. 

Neuman, R. E. & Logan, M. A. (1950). J. biol. Chem. 184, 299. 

Quick, A. J. (1932). J. biol. Chem. 97, 403. 

Reed, G. (1942). J. biol. Chem. 142, 61. 

Rosen, H. & Levenson, J. M. (1953). Proc. Soc. exp. Biol., 
N.Y., 83, 91. 

Schram, E., Moore, 8. & Bigwood, E. J. (1954). Biochem. J. 
57, 33. 

Sheffner, A. L., Kirsner, J. B. & Palmer, W. L. (1948). 
J. biol. Chem. 175, 107. 

Smith, H. W., Goldring, W. & Chasis, H. (1938). J. clin. 
Invest. 17, 263. 

Soupart, P. (1952). Abstr. 2nd Int. Congr. Biochem., Paris, 
p. 374. 

Spencer, A. G. & Franglen, G. T. (1952). Lancet, 1, 190. 

Steele, B. F., Sauberlich, H. E., Reynolds, M.S. & Baumann, 
C. A. (1947). J. Nutr. 33, 209. 

Stein, W. H. (1951). Proc. Soc. exp. Biol., N.Y., 78, 705. 

Stein, W. H. (1953). J. biol. Chem. 201, 45. 

Stein, W. H., Bearn, A. G. & Moore, S. (1954). J. clin. 
Invest. 33, 410. 

Stein, W. H., Paladini, A. C., Hirs, C. H. W. & Moore, 8. 
(1954). J. Amer. chem. Soc. 76, 2848. 

Tallan, H. H., Stein, W. H. & Moore, S. (1954). J. biol. 
Chem. 206, 825. 

Voegtlin, C. & Hodge, H. C. (1949). Pharmacology and 
Toxicclogy of Uranium Compounds. New York: McGraw- 
Hill. 

Westall, R. G. (1955). Biochem. J. 60, 247. 

Wilson, V. K., Thomson, M. L. & Dent, C. E. (1953). 
Lancet, 2, 66. 

Woodson, H. W., Hier, 8S. W., Soloman, J. D. & Bergeim. 
O. (1948). J. biol. Chem. 172, 613. 

Woolf, L. I. (1951). Great Ormond Street J. 2, 77. 

Zapp, J. A. & Wilson, D. W. (1938). J. biol. Chem. 126, 19. 


The Enzymic Activation of Cholic Acid by Guinea-pig-Liver Microsomes 


By W. H. ELLIOTT 
Department of Biochemistry, University of Oxford 


(Received 28 July 1955) 


Cholic acid is found in bile conjugated with the two 
amino acids glycine and taurine. For a long time 
this process of conjugation has been thought to 
occur in the liver, although nothing was known 
about the mechanism by which the peptide-like 
bond of taurocholic acid is formed. During the 


study of this problem it was found (Elliott, 1955) 
that formation of an hydroxamic acid occurs in 
preparations of guinea-pig-liver microsomes. This 
is dependent on the presence of cholic acid and of 


coenzyme A (CoA) and adenosine triphosphate 
(ATP). The present paper is concerned with this 
activation of cholic acid. 


JX PERIMENTAL 


Materials 


ATP. This was isolated from rabbit muscle by the 
method of Needham (1942). The potassium salt was pre- 
pared from dibarium ATP by dissolving the latter in the 
minimum volume of n-HCl, running this solution through 
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a column of Amberlite IR 100 H and washing out all the 
ATP with distilled water. The eluate was collected in a 
vessel cooled in ice water and continuously neutralized 
with KOH. The pH was finally adjusted to 6-8, the solution 
concentrated by freeze-drying and the ATP assayed as 
P,) (inorganic phosphate liberated by hydrolysis in N acid 
for 10 min. at 100°). 

Cholic acid. Commercial cholic acid was purified by 
suspending in boiling ether for 15 min.; the solid was then 
filtered off and recrystallized from 70% (v/v) aqueous 
ethanol. 

Cysteine. A stock solution of cysteine hydrochloride was 
stored at —10° and neutralized with KOH immediately 
before use. 

CoA. This was prepared from pig liver by the method 
described by LePage & Mueller (1949) for TPN preparation 
up to the stage of precipitating the nucleotides with 
acetone. The only departure from the method was that all 
the charcoal suspension was filtered instead of rejecting the 
considerable portion which floated. CoA was assayed by 
the method of Stadtman & Kornberg (1953), phosphotrans- 
acetylase from Escherichia coli, kindly prepared by Dr J. 
Lascelles, being used. The preparation was found to contain 
53-5 Lipmann units/mg. This corresponds to a purity of 
approximately 13%. The light tan-coloured powder was 
stored over CaCl, at — 10°. Solutions were neutralized with 
KOH. 

A sample of a 70% pure preparation of CoA was kindly 
supplied by Dr J. D. Gregory of the Massachusetts General 
Hospital, Boston. 

Hydroxylamine. Commercial samples of NH,OH,HCI 
were recrystallized from water. A 4M stock solution was 
stored at 0° and neutralized immediately before use to 
pH 7-4 (phenol red) by the addition of an equal volume 
of KOH solution previously adjusted to the appropriate 
strength. 

Ethyl cholate. This was synthesized by the method of 
Cortese (1937) from recrystallized cholic acid, and the 
product recrystallized. (Found: C, 70-8; H, 10-19. Calc. 
for Cy,H,,0;: C, 71-5; H, 10-16%.) 

Cholylhydroxamic acid. A solution of this substance, 
suitable for use as a marker in chromatography, was pre- 
pared from ethyl cholate as follows: 0-14 g. of NH,OH,HCI1 
and 0-1 g. of metallic Na were separately dissolved in 
minimum volumes of dry methanol. The solutions were 
mixed, and to the mixture was added a solution of 0-4 g. of 
ethyl cholate in 3 ml. of methanol. After about 6 hr. at 
room temperature in a stoppered flask, the mixture was 
neutralized to pH 6-8 with methanolic HCl and the NaCl 
filtered off. The volume was adjusted to 10 ml. with 
methanol and the solution stored at — 10°. A small sample 
of the solution gave an intense purple colour when treated 
with a solution of 10% FeCl, ,6H,O in 0-2N-HCl. 

Phosphate buffers were made from solutions of KH,PO, 
and KOH. 

Glyoxaline buffer was prepared by adjusting the pH of 
solutions of the free base with HCl. 


Methods 


Estimation of hydroxamic acid. The method of Hill 
(1947), as described by Kornberg & Pricer (1953), was 
used. Cholylhydroxamic acid was usually estimated 


only in the protein-free filtrate, since, as shown by the 
ethanolic reagent (Hill, 1947), only a small amount was 
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adsorbed by the precipitate. The optical densities of the 
final solutions were measured in a spectrophotometer at 
500 mp. 

A standard curve was obtained as follows. The procedure 








is that of Peel (1951), slightly changed to suit the method of | 


hydroxamic acid estimation used in the present work. 
Different volumes of a solution of ethyl cholate in methanol 
(5pmoles/ml.) were added to tubes containing 2 ml. 
of alkaline hydroxylamine (prepared by mixing equal 
volumes of 2N-NH,OH,HCI and 2-5n-NaOH). The volume 
was made up to 2-5 ml. with methanol. After standing for 
10-15 min. at room temperature the pH was brought 
to 7-4 by the addition of 0-2 ml. of 6N-HCl. Then 
2-25 ml. of 7% HClO, was added, followed by 0-5 ml. of 
FeCl, reagent. The volumes were adjusted to 6 ml. with 
water and the optical densities read at 500 muy. in 1 cm. 
cells. 

The readings were found to be proportional to the 
amount of ethyl cholate in the range 0-10 »moles. 

Chromatography of hydroxamic acids. Chromatograms 
were run on Whatman no. 3 paper which had been washed 
in 2Nn acetic acid followed by demineralized water until 
neutral to litmus, and finally distilled water. The two 
solvents used were (a) the diisopropyl ether solvent: diiso- 
propyl ether—n-propanol-acetic acid—water (200:90:30: 20, 
by vol.), and (6) the butanol-acetone solvent: equal 
volumes of acetone and the upper layer of the following 
mixture; n-butanol—acetic acid—water (100: 20:80, by vol.). 
Occasionally the spots streaked badly in the first solvent, 
but usually slightly elongated spots of good definition were 
obtained. 

Detection of spots. Cholylhydroxamic acid has been 
detected by spraying with three reagents: (1) 10% 
FeCl, ,6H,O in 0-2N-HCl; hydroxamic acids give immediate 
brown-purple spots. (2) 50% SbCl, in glaciai acetic acid; 
cholic acid derivatives give rose-pink spots on heating 
(Siperstein, Harold, Chaikoff & Dauben, 1954). (3) 10% 
phosphomolybdic acid in ethanol; sterols give blue spots 
against a green background on heating (Kritchevsky & 
Kirk, 1952). 

Preparation of microsomes. Guinea-pig livers were 
fractionated in 0-25 sucrose according to the procedure of 
Schneider (1948). The tissue was homogenized in 4 vol. of 
sucrose in a Potter & Elvehjem (1936) apparatus. The sus- 
pension was centrifuged at 10 000g at 0° for 10 min. to 
sediment nuclei and mitochondria. The supernatant was 
then centrifuged at 100 000 g at 0° for 30 min., when the 
microsomes are sedimented. The supernatant was poured 
off, the tubes were drained in an inverted position for 
15 min. and the pellet was suspended in cold distilled 
water (1 ml./g. of original liver). The suspension was 
stored at -—10°. The preparation was still active after 
3 weeks. Longer periods were not tested. 

Preparation of pig-liver enzyme. Pig liver was chilled and 
blended for 40 sec. in 5 vol. of cold 115% KCl and the 
suspension centrifuged at 2000g to sediment the nuclei 
and mitochondria. The supernatant was adjusted to pH 5-4 
by adding 0-1 acetic acid. The resulting precipitate was 
centrifuged down, resuspended in distilled water and the 
pH adjusted to 6-8 with KOH. The suspension was stirred 
into 10 vol. of acetone at - 10°, filtered by suction and 
dried in air. The powder was extracted for 30 min. in 
3 vol. of 0-01mM-NaHCO, and dialysed against the same 
solution overnight at 0°. 
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a RESULTS 

Formation of an hydroxamic acid independently of 
_ ATP by a pig-liver enzyme fraction. Two different 
lof 9 y 
rk, ¢ kinds of preparations from mammalian liver have 
i been found to catalyse the synthesis of an hydr- 


nl 


} oxamic acid from cholic acid. The pig-liver enzyme 


ral prepared as described above catalysed the rapid 
me formation of a considerable amount of hydroxamic 
for acid in the presence of cholic acid and hydroxyl- 
ht amine but in the absence of ATP and CoA. This 
a contrasts with the reaction catalysed by the micro- 
: some preparation, which required both ATP and 
» CoA (see below). 
n. 
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Fig. 1. Synthesis of cholylhydroxamic acid from cholic 
acid and hydroxylamine in the pig-liver preparation. 
O, No ATP; @, with ATP. Incubations were carried 
out at 37°. The complete system contained: 0-2 ml. of 
0-5m glyoxaline buffer, pH 7-4 (at 37°); 0-3ml. of 
0-04 potassium ATP; 0-1 ml. of 0-1M-MgSO, ; 0-5 ml. of 
2m-NH,OH; 0-1 ml. of 0-05 potassium cholate; 0-1 ml. 
of 0-1m cysteine; pig-liver enzyme, 0-5 ml. The volumes 
were adjusted to 2-0 ml. with 1-15% KCI. 


~ 


Fig. 1 shows the course of the reaction catalysed 
by the pig-liver enzyme; it also shows that the 
addition of ATP did not affect the initial rate of 

, reaction, although it did increase by 18 % the final 
amount of cholylhydroxamic acid formed. This 
effect of ATP has not been investigated further, but 
it would appear to be a secondary effect due per- 

| haps to a slight change of pH or the removal of an 
inhibitor. The rapid reaction in the absence of 
ATP suggests that there is no direct participation 
’ of ATP. The reaction appears to be similar to that 
described by Lipmann & Tuttle (1950), in which 
the formation of hydroxamic acids from fatty 
acids and hydroxylamine was catalysed by a lipase 
in the absence of ATP and CoA. This interpretation 
is supported by the fact that the activity of the 
system is inhibited by fluoride, as is that of lipase 
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(Lipmann, 1929), and that the pig-liver prepara- 
tion forms a hydroxamic acid very rapidly from 
hexanoic acid. 

Formation of hydroxamic acid by guinea-pig-liver 
microsomes. As mentioned above, a hydroxamic 
acid is synthesized from cholic acid by liver micro- 
somes and the synthesis requires the presence of 
ATP and CoA (Elliott, 1955). The lipase-catalysed 
formation of cholylhydroxamic acid is relatively 
slight in guinea-pig-liver microsomes. As shown in 
Table 1, this latter reaction is almost completely 
inhibited by 0-15M-KF, which was therefore added 
in all subsequent experiments. 


Table 1. Effect of fluoride on the AT P-independent 
synthesis of cholylhydroxamic acid 


Complete incubation mixtures contained 0-2 ml. of 
0-25m phosphate buffer, pH 7-4; 0-5 ml. of 2m-NH,OH; 
0-1 ml. of 0-04m-K cholate; 0-1 ml. of 0-3m-KF; 0-5 ml. of 


microsome suspension; total vol., 2-0ml. Incubations 
at 37° for 1 hr. 
Hydroxamic 
acid formed 
Incubation mixture (umoles) 
Complete system 0-3 
Same, without fluoride 0-6 
Same, without cholic acid and fluoride 0-25 
Measurement of activity. Incubations were 


carried out in centrifuge tubes at 37° for 80 min. 
The complete system contained the following: 
0-2 ml. of 0-25m phosphate buffer, pH 7-4; 0-1 ml. 
of 0-l1mM-MgSO,; 100 units of CoA; 0-25 ml. of 
0-08m potassium ATP; 0-05 ml. of 0-2M cysteine; 
0-1ml. of 0-04m potassium cholate; 0-5 ml. of 
2m-NH,OH;; 0-1 ml. of 0-3mM-KF; 0-5 ml. of micro- 
some suspension. The final volume was made up to 
2-0 ml. with distilled water where necessary. These 
standard conditions were used throughout the 
following experiments, and only variations in the 
incubation mixtures will be described. 
Identification of the hydroxamic acid. The forma- 
tion of an hydroxamic acid in the microsome system 
is dependent on the addition of cholic acid, sug- 
gesting that cholylhydroxamic acid is the product 
of the reaction. To identify the hydroxamic acid, it 
was extracted from 20 ml. of a reaction mixture 
which had been incubated in an atmosphere of N,. 
Control flasks in which ATP and CoA were lacking 
were simultaneously incubated. After 80 min. at 
37° the reaction was stopped by addition of 5 ml. 
of 2n-HCl. This precipitated the protein and 
excess of cholic acid, which were then centrifuged 
off. The supernatants were neutralized with KOH 
and the solutions concentrated in vacuo to about 
5 ml. They were then transferred quantitatively to 
evaporating dishes with a little water and finally 
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Figs. 2, 3. Chromatography of enzymically synthesized hydroxamic acid. Chromatograms were sprayed with FeCl; 
reagent. Fig. 2 was obtained with the diisopropyl ether solvent and Fig. 3 with the butanol-acetone solvent. The 
marker is cholylhydroxamic acid prepared from ethyl cholate. (1), Control incubation without ATP and CoA; 
(2), complete incubation system; (3), (2) + cholylhydroxamic acid. 





—" 





956 


—_—r OS 
a 





Vol. 62 


dried in a vacuum desiccator over P,O; and NaOH. 
The dry solids were moistened with 0:3 ml. of 
water and extracted three times with 1 ml. lots 
of ethanol by grinding in small glass mortars. The 
white precipitates were centrifuged off and the 
supernatants applied to paper for chromatography. 
Usually 0-4 ml. was taken when the FeCl, spray 
was to be used. For the other more sensitive 
sprays 0-2 ml. was adequate. Figs. 2 and 3 show 
photographs of papers run in the diisopropyl ether 
and butanol—acetone solvent systems respectively. 
In each case the principal hydroxamic acid in the 
test system (2) corresponds in position with the 
marker spot of cholylhydroxamic acid synthesized 
from ethyl cholate. When some of the marker 
solution was added to the test system the main 
hydroxamic acid spot was reinforced (3). Cholyl- 
hydroxamic acid could not be detected in the 
control experiment (1). The spots at the solvent 
front in Fig. 3 have not been identified. It was 
found that the enzymically synthesized hydr- 
oxamic acid in (2) gave, in addition to the reaction 
with the FeCl, spray, the same rose-pink colour 
with SbCl, as did cholic acid and synthetic cholyl- 
hydroxamic acid. It was also found that, with the 
diisopropyl ether solvent, the spots reacted with 
phosphomolybdie acid to give a blue colour. With 
the butanol—acetone solvent this spray was not 
suitable because of the high background colour in 
the region of the spots. 
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Fig. 4. Effect of volume of microsome preparation on 
hydroxamic acid synthesis. @, Complete system; O, no 
cholic acid. The values in the upper curve have been 
corrected for the control values obtained in the absence 
of cholic acid. In plotting the lower curve the initial 
blank (0-15 umole) has been subtracted. 
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Properties of the cholic acid-activating system 


Effect of enzyme concentration. Fig. 4 shows the 
relationship between hydroxamic acid formation 
and the volume of microsome suspension added. 
The curve is linear only at low enzyme concen- 
trations. This is probably due to the fact that 
the final reaction, that between cholyl-CoA and 
hydroxylamine, becomes rate-limiting. 

Effect of ATP concentration. This is shown in 
Fig. 5. Half-maximal rates are obtained with an 
ATP concentration of 1-5x10-°m. A concentra- 
tion of 5 x 10-*M is required for full activity. 

Effect of cholic acid concentration. Fig. 6 shows 
that the Michaelis constant K,, of the enzyme 
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Fig. 5. Effect of ATP concentration on cholylhydroxamic 
acid synthesis. The curve is corrected for blank values 
obtained at each ATP concentration in the absence of 
cholic acid. 


14-0 


Cholylhydroxamic acid 


10 20 30 40 
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Fig. 6. Effect of cholic acid concentration on hydroxamic 
acid synthesis. The curve is corrected for blank values 
obtained at each cholic acid concentration in the absence 


of ATP. 
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towards cholic acid is approximately 4x 10-4. 
The optimum concentration is at 2 x 10-°m. Above 
this the substrate inhibits, the rate of reaction at 
4x 10-*m being only 58% of the optimum rate. 
The inhibition at higher concentrations of cholic 
acid may be related to its detergent action. 

Effect of CoA concentration. Fig. 7 shows the 
effect of CoA on the synthesis of hydroxamice acid. 
The lower curve shows that the system is almost 
saturated with the pig-liver preparation of CoA at 
a concentration of 50 units/ml. The upper curve, 
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Fig. 7. Effect of CoA concentration on cholylhydroxamic 
acid synthesis. The curves are corrected for the blank 
obtained in the presence of 50 units of the 13% pure CoA 
but in the absence of ATP. @, 13% pure CoA used; 
O, 70% pure CoA used. 


which was obtained for a 70% pure preparation of 
CoA, shows that the active component in the 13% 
pure preparation is in fact CoA. The activity of the 
two samples is identical at low concentrations on 
the basis of units of CoA; with a concentration of 
30 units/ml. the 70% pure CoA gave an activity 
16 % higher than that given by the crude prepara- 
tion. This effect may be due to the presence of 
inhibitory substances in the crude preparation. 

Effect of hydroxylamine concentration. This is 
shown in Fig. 8. It is clear that hydroxylamine 
concentration is limiting even when it is present at 
a concentration of 0-5. 

Activation by metals. The activity of the micro- 
some preparation can be increased by the addition 
of either Mg?+ or Mn?+. Table 2 shows that the 
requirement for these is not absolute. In the 


absence of added metal the activity was 53% of 
the maximum obtained in the presence of 0-02M- 
MgSO, . The activity in the presence of the latter is 
slightly higher than that in the presence of 0-01M- 
MnSO,. 


Mn?2+ has no inhibitory action even at 
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Ethylenediaminetetraacetic 


acid, added as the potassium salt at a concentra. 
tion of 0-01Mm, gave an inhibition of 33% in the 
presence of 0-05M-MgSO, . 
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Fig. 8. Effect of hydroxylamine concentration on cholyl- 
hydroxamic acid formation. The curve is corrected for 
the blank obtained with 0-5mM-NH,OH in the absence of | 
ATP. 
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Table 2. Effect of Mn?+ and Mg*+ on 
hydroxamic acid synthesis 
Values are corrected for the blank value in the absence of 
cholic acid. The metals were added as sulphates. 
Cholylhydroxamic 
acid formed 

Metal (10-4m concen.) (umole) ; 
None — 0-45 
Mn 5 0-65 
Mn 10 0-72 
Mn 20 0-80 
Mn 40 0-80 
Mn 100 0-80 i 
Mg 10 0-72 
Mg 20 0-82 : 
Mg 100 0-80 
Mg 200 0-85 


Table 3. Hydroxamic acid synthesis by the 
soluble fraction of guinea-pig liver 


.—_s— 


Complete incubation system, as described in text. All 
values are expressed as cholylhydroxamic acid. 


Hydroxamic 
acid 
(umole) 
Complete system 0-5 
Same, without cholate 0-57 
Same, without ATP 0-3 
Same, without cholate and ATP 0-4 
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Requirement for cysteine. Cysteine is necessary 
for full activity, presumably to maintain CoA in 
the reduced form. The requirement is not absolute, 
since the activity in the absence of cysteine is 45 % 
of that in its presence. 

Distribution of the enzyme in the liver fractions. 
Activity has been conclusively observed only in the 
microsome fraction. None was present in mito- 
chondria. With the soluble fraction (Table 3) 
hydroxamiec acid is formed from endogenous sub- 
strates; this formation is inhibited by cholic acid. 
The results obtained with this enzyme system do 
not indicate an activation of cholic acid. 


DISCUSSION 


The results suggest that the following reactions 
take place in liver microsomes: 


(1) cholic acid+ ATP +CoA > cholyl-CoA, 


(2) cholyl-CoA + hydroxylamine > 
cholylhydroxamic acid + CoA. 


teaction 1 is probably the only enzyme-catalysed 

step in the synthesis of cholylhydroxamic acid. 
The final step in the reaction, that between cholyl- 
CoA and hydroxylamine, is most likely non- 
enzymic in nature and consequently high concen- 
trations of the trapping agent are required to give 
a reasonably fast rate of reaction. The nature of the 
breakdown of ATP in reaction 1 has not yet been 
investigated. 

Since this work was completed Siperstein (1955) 
has reported that CoA stimulates the synthesis of 
taurocholiec acid in rat-liver microsomes plus the 
soluble fraction of liver. 

The next paper (Elliott, 1956) will describe the 
participation of CoA in taurocholic acid synthesis 
in guinea-pig-liver microsomes. 
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SUMMARY 


The synthesis of cholylhydroxamic acid by liver 
preparations has been demonstrated. This has 
been found to be due to two distinct mechanisms. 
The first is a simple condensation of cholic acid and 
hydroxylamine, and is probably lipase-catalysed. 
The second occurs in the microsome fraction of 
guinea-pig liver and requires the presence of CoA, 
ATP, cysteine and Mg?*+ or Mn?* for full activity. 
The properties of this cholic acid-activating system 
are described. 


I wish to thank Mr K. M. Jones for useful criticisms and 
Dr D. C. Torpy for help in the preparation of CoA. I also 
wish to thank Miss Janet Payne for valuable technical 
assistance. 
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The Enzymic Synthesis of Taurocholic Acid: A Qualitative Study 


By W. H. ELLIOTT 
Department of Biochemistry, University of Oxford 


(Received 28 July 1955) 


Cholylhydroxamie acid has been found to be 
synthesized from cholic acid in the presence of 
adenosine triphosphate (ATP), hydroxylamine, co- 
enzyme A (CoA) and Mg?+ by preparations of 
guinea-pig-liver microsomes (Elliott, 1955, 1956). 
It seemed likely that cholyl-CoA would prove to 
be an intermediate in the synthesis of taurocholic 
acid from cholic acid and taurine. This has been 


28 


investigated, and the present publication describes 
evidence which supports this. 

While this work was in progress several reports 
appeared on the synthesis of conjugated bile acids. 
Bergstrom & Gloor (1954) reported the synthesis of 
taurocholic acid in rat-liver slices and homogen- 
ates. More recently, Bremer (1955) has described 
the production of conjugated bile acids in the 
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presence of rat-liver microsomes plus the soluble 
fraction. No evidence about the mechanism of the 
synthesis has so far appeared. Siperstein (1955) 
has also reported the synthesis of taurocholic acid 
in rat-liver microsomes, the soluble fraction being 
found Mg?*, glucose 6-phosphate, 
diphosphopyridine nucleotide, CoA and _ nicotin- 
amide were all found to stimulate. 


necessary. 


EXPERIMENTAL 
Materials 


The preparation of buffers, substrates and coenzymes has 
been described in the previous paper (Elliott, 1956). 

Taurocholic acid. This was synthesized from cholyl- 
hydrazide by the method of Cortese (1937). 


Methods 


Preparation of washed microsomes. Unwashed 
somes were prepared as described earlier (Elliott, 1956). 
The pellet of microsomes was resuspended in about 10 vol. 
of 0-25mM sucrose and recentrifuged at 100,000g for 
30 min. at 0°. The washed microsomes were suspended in 
cold distilled water (1 ml./g. of original liver) and stored at 

10°. 

Chromatography of taurocholic acid. After incubation, 
the tubes were placed in boiling water for about 3 min., 
then cooled and acidified with 0-5 ml. of 2N-HCl. The pro- 
tein and the precipitated cholic acid were centrifuged off. 
The supernatants were poured into small evaporating 
dishes and neutralized with N-KOH and the solutions dried 
in a vacuum desiccator over P,O; and NaOH. The dry 
solids were then extracted by grinding in small glass 
mortars with 1-5 ml. of ethanol. The precipitates were 
removed by centrifuging, and 0-5 ml. samples of the super- 
natants applied to paper for chromatography. The papers 
used for chromatograms were Whatman no. 3 which had 
been washed twice, first in acetic acid as described earlier 
(Elliott, 1956) and secondly by running the solvent used for 
chromatography down the paper. After this chromato- 
graphic wash the papers were dried, soaked in water and 
again dried. The second wash was found to reduce the 
background colour after development of the spots. The 
solvent used was made as follows: 45 ml. of the top layer of 
a mixture of n-butanol, acetic acid and water (80:20:100, 
by vol.) was mixed with 0-5 ml. of water and 54-5 ml. of 
acetone. The spots were developed by spraying with 50% 
SbCl, in glacial acetic acid, followed by heating of the 
papers. Taurocholic acid gives the rose-pink colour which is 
given by cholic acid derivatives. 


micro- 


RESULTS 
Synthesis of taurocholic acid by 
microsome preparations 
Fig. 1 shows the results of experiments with un- 
washed microsomes. Incubations were carried out 


at 37° in centrifuge tubes. The complete system 


contained the following: 0-2 ml. of 0-25m phosphate 
buffer, pH 7-4; 0-1 ml. of 0-1M-MgSO,; 100 units 
of CoA; 0-25 ml. of 0-08Mm potassium ATP; 0-1 ml. 
of 0-04M potassium cholate; 0-1 ml. of 0-1 taurine; 
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0-05 ml. of 0-2m cysteine; 0-1 ml. of 0-3M-KF;} sc 
0-5 ml. of microsome suspension. Volumes were} 0+ 
made up to 2-0 ml. with water where necessary. } cl 
The 13% pure preparation of CoA (Elliott, 1956) | w 
was used. } fr 
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Fig. 1. Taurocholic acid synthesis by unwashed guinea-pig- 
liver microsomes. Reaction mixtures were incubated for 
150 min. under conditions described in the text. (1), No 
; 


taurine added; (2), no cholic acid added; (3), no ATP 
added; (4), complete system; (5), glycine added instead 
of taurine. 


It can be seen from Fig. 1 that taurocholic acid | 
is present on the chromatogram when the complete } 
system (tube 4) had been incubated. None was ™ 
detected when the incubation mixture lacked 
taurine (tube 1) or cholic acid (tube 2). Tube 3 
shows the absolute requirement for ATP. Tube 5, 
in which taurine was replaced by glycine, again 
confirms the necessity for the presence of taurine in 
the system. Glycocholic acid runs very close to 
cholic acid (Fig. 1), and any synthesis of glyco- Ww 


eo © 0 


cholic acid might therefore be masked. 5 
li 

Effect of the soluble fraction of a guinea-pig-liver b 
homogenate on taurocholic acid synthesis ir 
Although the amount of soluble fraction in un- In 
washed microsomes must be relatively small, , 
experiments were carried out on washed micro- p 
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somes. Synthesis of taurocholic acid was found to 
occur in such preparations, as can be seen from the 
chromatograms shown in Fig. 2. Experiments 
were also performed in which the microsome 
fraction was supplemented by the soluble fraction 


of liver. Within the limits of visual observation of 


chromatograms there was no stimulation by the 
soluble fraction. 
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Fig. 2. Requirement for CoA in taurocholic acid synthesis 


by washed guinea-pig-liver microsomes. Reaction mix- 
tures were incubated as described in the text for 80 min. 
(1) and (2) are duplicate experiments containing the 
complete system; (3) and (4) are duplicates from which 
CoA was omitted. 


Requirement for CoA in taurocholic 
acid synthesis 

Fig. 2 also shows the results of duplicate experi- 
ments designed to test whether taurocholie acid 
synthesis in washed guinea-pig-liver microsomes is 
dependent on added CoA. It can be seen from (1) 
and (2) that taurocholie acid is synthesized in the 
presence of added CoA;; in (3) and (4), which lacked 
the coenzyme, none was formed. This suggests that 
CoA is completely removed from the system by 
washing the microsomes. This is in contrast to the 
somewhat analogous synthesis of hippuric acid in 
liver mitochondria, where the CoA is very tightly 
bound (Chantrenne, 1951). Further experiments 
in which a 70% pure preparation of CoA was used 
instead of the 13% pure preparation confirmed 
that, as with cholic acid activation, the active 
principle in the coenzyme preparation is CoA. 


TAUROCHOLIC ACID SYNTHESIS 


DISCUSSION 


The results show that taurocholie acid is synthe- 
sized in guinea-pig-liver microsomes from cholic 
acid and taurine by a mechanism requiring ATP 
and CoA. The pathway is therefore probably as 
follows: 

» cholyl-CoA, 


(1) cholic acid+CoA+ ATP 


(2) 


> taurocholic 
acid + CoA. 


cholyl-CoA + taurine 


Evidence in support of reaction 1 was reported 


in the previous paper (Elliott, 1956), when 
hydroxylamine was used as a trapping agent 


for cholyl-CoA. The two reactions are presum- 
ably catalysed by different enzymes, though 
evidence for this must await purification of the 
system. 

The proposed mechanism is analogous to the 
synthesis of the peptide-like bonds of acetyl- 
sulphanilamide (Lipmann, Kaplan, Novelli, Tuttle 
& Guirard, 1947) and of hippuric acid (Chan- 
trenne, 1951). 

The observation that the synthesis of tauro- 
cholic acid is unaffected by the addition of the 
soluble fraction of liver, so far as can be detected 
by the visual examination of chromatographic 
spots, is at variance with the results of Siperstein 
(1955) and of Bremer (1955), who find that the 
soluble fraction is essential for taurocholie acid 
synthesis by rat-liver microsome preparations. It 
is not possible at present to explain this difference. 
It may be that there is a species difference, since 
different animals were used. However, it is also 
possible that the effect of the supernatant on 
taurocholic avid synthesis may have been due not 
to the participation of a soluble enzyme but to the 
supply of essential metabolites. In one case the 
soluble fraction may have been a source of CoA, 
since the addition of this was not reported (Bremer, 
1955). In Siperstein’s experiments, which have not 
yet been described in detail, DPN, nicotinamide 
and glucose 6-phosphate were found to stimulate. 
This suggests that the glycolytic activity of the 
soluble fraction may have been necessary to 
rephosphorylate adenosine phosphates. In the 
present work ATP breakdown was minimized by 
the addition of fluoride, which would 
ATP-ase activity. 


sup} ress 


SUMMARY 


Chromatographic evidence for the synthesis of 
taurocholic acid by washed microsome prepara- 
tions of guinea-pig liver is presented. The synthesis 
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is completely dependent on the presence of ATP, 


taurine, cholic acid and CoA. The mechanism of 
the synthesis is discussed. 


I wish to thank Mr K. M. Jones for helpful criticism and 
Miss Janet Payne for valuable technical assistance. The 
cholylhydrazide used for the synthesis of taurocholic acid 
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Glucose Oxidation by Brain Mitochondria 
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Christie, Judah & Rees (1953), working with rat- 
brain mitochondrial preparations, measured the 
rates of oxidation of substrates of the tricarboxylic 
acid cycle and the process of oxidative phosphoryl- 
ation. These measurements were employed as 
indicators of the survival of mitochondria as 
effective units. The survival time is short, but may 
be prolonged by the addition of a number of 
soluble factors including adenosine triphosphate, 
coenzyme I, glutathione, cobalt, and what was 
believed to be a new cofactor present in liver and 
yeast autolysates. In the present paper, experi- 
ments are described which show that the activity 
observed in tissue autolysates was due to glucose or 
glycolytic intermediates. It was found that rat- 
brain mitochondrial preparations, in contrast to 
liver and kidney mitochondrial preparations, are 
capable of oxidizing glucose completely to carbon 
dioxide and water. 


METHODS 


Enzyme preparations. Mitochondria were prepared in 
0-25M sucrose (Schneider, 1948). 

Reagents. Adenosine triphosphate (ATP) was prepared 
by the method of Dounce, Rothstein, Beyer, Meier & Freer 
(1948). Adenylic acid was a commercial preparation, re- 
crystallized from hot water. All adenine nucleotides were 
at least 95% pure as determined by a spectrophotometric 
method (Kalckar, 1947). Cytochrome ¢ was prepared by 
a method of Keilin & Hartree (1937) and dialysed against 
distilled water. Coenzyme I (Col) was prepared by an 
unpublished method of Ochoa and coenzyme II by the 
method of LePage & Mueller (1949). Glutathione and pL- 
zsocitric acid were commercial preparations. 

Methods of analysis. «-Oxoglutarate and pyruvate were 
estimated by the method of Friedemann & Haugen (1943). 


Lactate was determined by the method of Barker & 
Summerson (1941), and citrate by the method of Weil- 
Malherbe & Bone (1949). 

Oxygen uptakes were measured by Warburg mano- 
meters with KOH solution to absorb CO,. 

Unless specified the following standard medium was used, 
the concentrations given being those in the final mixture in 
the Warburg flasks: adenylic acid 0-001mM; ATP 0-001m; 
MgSO, 0-0067m; KCl 0-025m; sodium phosphate buffer 
pH 7-4, 0-0133mM; cytochrome c 2x10-5m; glutathione 
6-6 x 10-4m; enzyme was added in 0-25mM sucrose, followed 
by water to 3 ml. total volume. Gas phase, air; temper- 
ature, 38°. 

In experiments where citrate analyses were carried out, 
the enzyme preparation was added in 0-5 ml. of 0-15M-KCl, 
and KCl was omitted from the standard medium. 

All the experiments reported were carried out in duplicate 
and the results given are mean values. 

Preparation of yeast extract. Yeast was autolysed for 6 hr. 
at 38° in the presence of toluene. The proteins were pre- 
cipitated by the addition of equal volumes of 0-3m- 
Ba(OH), and 5% (w/v) ZnSO, solution. The protein pre- 
cipitate was removed by filtration. The filtrate was placed 
in the cathode chamber of a three-compartment electro- 
dialysis apparatus and the other compartments were filled 
with water. After electrodialysis the required activity was 
located in the centre compartment, and every 10g. of 
fresh yeast yielded on freeze-drying 5-5 mg. of solid 
material. In the experiments described in the text 150 yg. 
of this material in 0-5 ml. of water was added to each 
Warburg flask. 

RESULTS 
In an earlier publication (Christie et al. 1953) it had 
been observed that the oxidation of L-glutamate by 
brain mitochondrial preparations fell off after a 
period of 1:5hr. This decline in respiration was 
prevented by preparations from autolysed liver or 
brain or yeast. 
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GLUCOSE OXIDATION BY 


In the present investigation a yeast autolysate 
was used as a source of the active material. This 
was tested with all the substrates of the tricarb- 
oxylic acid cycle, and it was found that with 
citrate oxidation an immediate increase of the 
respiration occurred, whereas with the other sub- 
strates the effect was the same as that observed 
with t-glutamate (Table 1). The same result was 
obtained when these substrates were tested in one- 
step oxidations, e.g. when the oxidation of citrate 
was carried out in the presence of arsenite. 

The result of a complete balance study of the 
oxidation of citrate to «-oxoglutarate in the 
presence of arsenite is shown in Table 2. It will be 
observed that the citrate disappearance, the 
accumulation of keto acid and the consumption of 
oxygen agree well with the requirements of the 
reaction, and that an increase in rate was found 
in the presence of the yeast preparations. An 
experiment with DL-isocitrate as substrate is 
included in the table, and it will be seen that a 
similar effect is obtained with this substrate. In 
other experiments the yeast preparation was tested 
on a soluble isocitric dehydrogenase prepared from 
brain, but on this system the yeast preparation had 
no effect. 

We had observed that the addition of calcium 
ions stimulated the oxidation of citrate by brain 
mitochondria; we therefore examined the yeast 
preparation and found that free calcium ions were 
present in all samples. Keilin & Hartree (1949) 
have shown that the oxidation of succinate by 
heart preparations is stimulated by the addition of 
calcium, and that the same effect can be obtained 
by increasing the phosphate concentration of the 
medium. In the presence of high phosphate con- 
centration, calcium no longer increases the oxygen 
uptake. We obtained identical results in brain mito- 
chondrial preparations oxidizing citrate (Table 3). 
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When the yeast preparation was tested with 
optimum phosphate concentrations it was found 
still to show a stimulatory action on the oxidation 
of citrate (Table 3, Expt. 3). The removal of cal- 
cium ions by an ion-exchange resin (Zeo-Karb 215) 
left a considerable residue of activity in the yeast 
preparation. 


Table 1. Effect of a yeast preparation on the 
oxidation of citrate by brain mitochondria 


System: standard medium and 30pumoles of citrate. 
Arsenite (0-007M) was added as indicated in the table. 
Brain mitochondria were added equivalent to 150 mg. of 
fresh tissue. 0-5 ml. of yeast preparation was added as 
indicated in the table. Duration of the experiment was 


50 min. 
O, uptake 
Additions (pug. atoms) 
Citrate 6-9 
Citrate and yeast preparation 12-5 
Citrate and arsenite 23 
7-9 


Citrate and arsenite and yeast preparation 


Table 2. Effect of the yeast preparation on the one- 
step oxidation of citrate and isocitrate by brain 
mitochondria 
System: standard medium, l5pmoles of substrate as 

indicated in the table. Final concentration of arsenite was 

0-007m. Brain mitochondria were added equivalent to 

250 mg. of fresh tissue, added in 0-5 ml. of 0-15M-KCI. 

Duration of experiment was 60 min. 


Keto acid 


Citrate 

O, utilized utilized formed 

Additions (ug. atoms) (wmoles) (moles) 
Citrate (15 pmoles) 1-5 1-5 1-3 
Citrate (15 umoles) 4:5 4-2 4-5 

+ yeast preparation 

isoCitrate (15 wmoles) 1-2 — 1-3 
isoCitrate (15 umoles) 3-6 —- 3-5 


+yeast preparation 





Table 3. Effect of calcium and phosphate at various concentrations on the oxidation of citrate 
by brain mitochondria 


a 


System: standard medium; sodium phosphate buffer pH 7-4, concentration as indicated in the table; 30 umoles of 
citrate as substrate. Calcium concentration as indicated in the table. Brain mitochondria were added equivalent to 
150 mg. of fresh tissue. Duration of the experiment was 60 min. 


Phosphate 
expt. Yeast (final conen. 
no. preparation (mM) 
1 Nil 0-013 
Nil 0-013 
Nil 0-08 
2 Nil 0-013 
Nil 0-013 
Nil 0-08 
Nil 0-08 
Nil 0-08 
3 Nil 0-08 
0-5 ml. 0-08 


Calcium 
) (final concen.) O, uptake 
(M) (ul.) 
Nil 55 
5-4 x 10-4 73 
Nil 7 
Nil 65 
3-3 x 10-4 96 
Nil 107 
10-2 108 
3-3 x 10-4 110 
Nil 60 
Nil 116 
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Table 4. Effect of decaicified yeast preparation on the oxidation of citrate by brain mitochondria 


System: standard medium; 30 moles of citrate were added as indicated in the table; 0-5 ml. of decalcified yeast pre- 
paration was added where indicated; arsenite at final concn. of 0-0077M. Brain mitochondria were added equivalent to 
250 mg. of fresh tissue, prepared in KCl and added to the Warburg flask in 0-5 ml. of 0-15M-KCl. Duration of the experi- 
ment was 60 min. Quotient of absorptions of 2:4-dinitrophenylhydrazones at 420 and 520 mu. for pyruvate was 1-20 and 


for «-oxoglutarate was 1-40. 


O, Citrate 
utilized utilized 
Additions (ug. atoms) (umoles) 
Nil 0-3 = 
Yeast preparation (0-5 ml.) 4-9 - 
Citrate (30 wmoles) 8-3 8-5 
Citrate (30 umoles) + yeast 12-i 8-1 


preparation (0-5 ml.) 


a-Oxo- 
Pyruvate Corrected glutarate 
“420/520 mu.’ formed *420/520 mu.’ formed 
quotient (umoles) quotient* (umoles) 
— Nil — — 
1-2 1-6 _ Nil 
1-39 Nil 1-43 7-9 
1-35 1-6 1-43 8-3 


* The 420 and 520 mu. absorptions of the 2:4-dinitrophenylhydrazones of the blanks, i.e. ‘nil’ and the yeast preparation 
alone, were subtracted from the absorptions obtained with citrate alone and citrate + yeast preparation respectively. The 


420/520 mp. quotient was then determined. 


Table 5. Oxidation of glucose and glucose 
6-phosphate by brain mitochondria 


System: standard medium; substrate added as indicated 
in the table; brain mitochondria added equivalent to 
150 mg. of fresh tissue. Duration of experiment was 4 hr. 


O, required 
for complete 


oxidation 0, utilized* 


Additions (ug. atoms) (yg. atoms) 
Glucose (2 uzmoles) 24 23-2 
Glucose 6-phosphate (2 pmoles) 24 22-8 


* The O, uptake of the control (without added substrate) 
has been deducted from these figures. 


Investigation of the decalcified material showed 
a considerable change in its effect on the one-step 
oxidation of citrate in the presence of arsenite. 
A balance study revealed that, although oxygen 
uptake and keto acid accumulation were increased, 
the removal of citrate was unchanged (Table 4). 
In other words, it was certain that a substrate 
other than citrate was being oxidized. By the use 
of the Friedemann & Haugen (1943) method it was 
possible to show that the keto acid accumulating in 
the presence of the yeast preparation alone was 
probably pyruvic acid, because of the characteristic 
ratio of the absorption at 420 muy. to the absorption 
at 520 muy. its 2:4-dinitrophenylhydrazone. 
Glucose or glycolytic intermediates would serve as 
a precursor of pyruvate in such a system provided 
that the glycolytic enzymes were present. We 
tested glucose and glucose 6-phosphate and found 
that both were oxidized aerobically (Table 5). In 
these experiments oxygen uptake was measured 
it ceased. After subtraction of the control 


of 


until 


without substrate the figures for the oxygen uptake 
agree well with those theoretically required for 
the complete oxidation of the substrate to CO, 


and water. Glucose and fructose 1:6-diphosphate 
were both glycolysed under anaerobic conditions 
(Table 6) by brain mitochondrial preparations. 

Under aerobic conditions in the presence of 
arsenite pyruvate accumulated, and the addition of 
fluoride to the system prevented the formation 
of pyruvate (Table 7). In the absence of either 
inhibitor a strong oxidation proceeded without 
significant accumulation of keto acid. 


Table 6. Anaerobic glycolysis by brain mitochondria 


System: adenylic acid, 0-0017mM; MgS0O,, 0-0066m; 
KCl, 0-025mM; inorganic phosphate, 0-0133M; sodium 
bicarbonate, 0-025m; pyruvate, 0-0066m; Col, 0-00033m™; 
ATP, 0-001mM. Mitochondrial suspension, washed three 
times by recentrifuging, was added in amount equivalent 
to 250mg. of fresh tissue. Gas phase N,+CO, (95:5). 
Duration of the experiment was 65 min. 


Lactate 

CO, evolved formed 

Additions (umoles) (umoles) 
Nil 2-6 1-7 
Glucose (30 wmoles) 9-3 9-5 
Glucose (30 wmoles) + hexose 10-0 12-5 


diphosphate (6 umoles) 


Table 7. Oxidation of glucose by brain mitochondria 
in the presence of arsenite and sodium fluoride 


System: standard medium; NaF where added, final 
concentration 0-014; arsenite, final concentration 0-007 M. 
Duration of experiment was 135 min. 

Keto acid 
formed 
(umoles) 


O, utilized 


Additions (ug. atoms) 


Glucose (90 pmoles) 41-0 «-Oxoglutarate 
(0-6) 
Glucose (90 wmoles) + As,O, 7°6 Pyruvate 
(3-5) 
Glucose (90 umoles) 
+ As,0, + NaF 8-2 Nil 
Glucose (90 »moles) + NaF 19-2 Nil 
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It would therefore appear that brain mito- 
chondrial preparations can carry out a complete 
oxidation of glucose or of glycolytic intermediates. 

As a matter of interest we tested rat-liver and 
rat-kidney mitochondrial preparations for glyco- 
lytic ability. No appreciable activity could be 
detected, aerobically or anaerobically. 


DISCUSSION 


In a previous paper Christie et al. (1953) described 
what was thought to be a new cofactor. However, 
Sir Rudolph Peters (personal communication) 
pointed out that it might be an unknown sub- 
strate, and this we admitted at the time though we 
did not consider it likely. In the present work we 
have resolved this ‘cofactor’ into its components. 
We find that in the presence of low concentrations 
of inorganic orthophosphate the oxidation of citrate 
is increased by the presence of calcium ions. Calcium 
was present in the ‘cofactor’ preparations. This 
effect of calcium could be simulated by increasing 
the inorganic orthophosphate concentration. This 
finding is in agreement with that reported by 
Keilin & Hartree (1949) for the oxidation of 
succinate by a purified system. We were surprised 
that we obtained this effect in our preparations, as 
calcium ions are generally regarded as being in- 
hibitory in freshly prepared mitochondrial systems 
which are oxidizing substrates other than succinate. 
The presence of calcium explains why we were able 
to draw up balance sheets for the one-step oxida- 
tion of citrate to «-oxoglutarate that showed an 
increase in disappearance of citrate and an accumu- 
lation of x-oxoglutarate as compared with a control 
system. 

The activating effect of calcium described by 
Keilin & Hartree (1949) was due to the formation of 
calcium phosphate gel. In these brain preparations 
an alternative explanation may be possible. The 
slow rate of oxidation by brain preparations might 
be due to the fact that citrate does not penetrate 
the intact mitochondrion very well: Calcium is 
known to bring about the rapid swelling of mito- 
chondria suspended in isotonic media, presumably 
by increasing the permeability of the mitochondrial 
membrane to solutes, and phosphate behaves 
similarly. Alternatively the complex of calcium 
and citrate might penetrate more readily than 
citrate. In view of our findings that endogenous 
citrate (i.e. citrate produced during the oxidation 
of pyruvate) is oxidized rapidly, it would seem that 
these latter explanations based on permeability 
would be more applicable here. 

The results in Table 2 show a good balance 
between citrate utilized and «-oxoglutarate formed 
in the presence of the yeast preparation. The in- 
creased rates observed must be due in this experi- 
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ment to the action of calcium and not glucose. 
With the increased rate of citrate oxidation, 
glucose would not be utilized. 

The yeast preparation also contained another 
substance or substances that gave an increase of 
oxygen uptake when citrate was being oxidized. 
Balance studies of this system showed clearly that 
the extra oxygen uptake was due to oxidation of 
substrates present in the yeast preparations which 
gave rise to a keto acid, probably pyruvate. The 
whole of this effect could be duplicated by the 
addition of glucose to the Warburg flask. In 
addition, we have been able to show that isolated 
brain mitochondria can carry out the anaerobic 
conversion of glucose into lactate; in the presence 
of oxygen a complete oxidation to CO, and water 
can take place. It is interesting that rat-liver and 
rat-kidney mitochondria are unable to carry out 
this series of reactions. 

The oxidation of added citrate by brain mito- 
chondria was low in comparison with the oxidation 
of other tricarboxylic acid-cycle intermediates. It 
would appear that this is the reason why an im- 
mediate effect of the ‘cofactor’ was observed. This 
may be contrasted with the effect of the ‘cofactor’ 
on the oxidation of L-glutamate. With this sub- 
strate no effect was observed until late in the 
experiment. Until the rate of oxidation was 
reduced adenosine diphosphate would not be 
available to permit the oxidation of glucose. Why 
these brain preparations should oxidize citrate so 
poorly is as yet not clear. The addition of pyrtdine 
nucleotides had no effect on the rate, and even 
stimulation by calcium or by high phosphate con- 
centration failed to bring the rate of oxidation to 
the level observed with other tricarboxylic acid- 
cycle intermediates. These low rates are found 
only with added citrate (cf. Peters & Wakelin, 
1953); thus when the oxidation of pyruvate was 
studied we were unable to find any significant 
accumulation of citrate although pyruvate was 
being oxidized at a considerable rate. 


SUMMARY 


1. A study of rat-brain mitochondria has shown 
that these preparations possess properties not 
found in the mitochondria of liver, kidney and 
heart. 

2. Rat-brain mitochondria have found 
capable of oxidizing glucose and glycolytic inter- 
mediates completely to carbon dioxide and water. 

3. Calcium, which is inhibitory to freshly pre- 
pared liver and kidney mitochondrial preparations, 
stimulates the oxidation of citrate by brain mito- 
chondrial preparations. 
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Observations on some Nutritional Factors that Influence 
the Lipotropic Activity of Methionine 


By A. E. 
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The discovery that fatty infiltration of the liver is 
a sign, not only of a choline deficiency, but also of 
certain amino acid deficiencies (Singal, Hazan, 
Sydenstricker & Littlejohn, 1953; Harper, Monson, 
Benton & Elvehjem, 1953; Cole & Scott, 1954) 
emphasized the need for a re-investigation of the 
lipotropic action of protein. Subsequently it was 
shown, in experiments in which there was only one 
variable, that two distinct lipotropic effects of 
protein can be demonstrated (Harper, Monson, 
Benton, Winje & Elvehjem, 1954c; Harper, 
Benton, Winje & Elvehjem, 19546). In animals 
fed on diets deficient in choline, the methionine 
contained in the dietary protein serves as a pre- 
cursor for the synthesis of choline (which was 
previously well known) and, in animals fed on diets 
low in protein, additional amounts of well-balanced 
proteins prevent partial deficiencies or imbalances 
of essential amino acids which cause an accumula- 
tion of liver fat. These observations, which ex- 
plained many of the inconsistencies in earlier 
studies on the lipotropic action of protein, have 
been confirmed and similar conclusions have been 
drawn by Lucas & Ridout (1955). The papers of 
Harper, Benton, Winje & Elvehjem (1954a), Lucas 
& Ridout (1955) and Best, Hartroft, Lucas & 
Ridout (1955) contain references to much of the 
early literature. The two types of fatty infiltration 
can also be differentiated histologically (Shils & 
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Stewart, 1954; Nino-Herrera, Harper & Elvehjem, 
1954; Cole & Scott, 1954; Best et al. 1955). 

Subsequently, when these effects were being 
studied in greater detail, an anomalous and com- 
plicating situation was encountered. It had been 
shown previously (Singal et al. 1953; Harper et al. 
1953) that a supplement of threonine, gelatin or 
casein decreased the deposition of liver fat in rats 
receiving a diet low in protein (casein) and con- 
taining choline. Threonine and casein were found to 
have similar though less pronounced effects when 
the choline in the diet was replaced by methionine 
(Harper et al. 19546), but gelatin, surprisingly, was 
without effect under these conditions. The original 
object of the investigation reported in this paper 
was to explain this unexpected observation; the 
end result, however, has been a study of some 
factors that influence the lipotropic activity of 
methionine. 


EXPERIMENTAL 


Male weanling rats of the Sprague-Dawley strain, 21 days 
old and weighing 40-50 g., were used throughout this 
investigation. Each group consisted of six rats maintained 
in individual, suspended cages with $4 in. mesh screen 
bottoms. The average initial weights for the groups within 
each experiment did not differ by more than 1 g. The rats 
were fed ad lib. and were weighed weekly. 

The percentage composition of the basal diet was as 
follows: casein, 9-0; sucrose, 82-0; corn oil, 5-0; salts 
(Hegsted, Mills, Elvehjem & Hart, 1941), 4-0. Vitamins 
were included to provide (in mg./100 g. of ration): thiamine 
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hydrochloride, 0-5; riboflavin, 0-5; nicotinic acid, 1-0; 
calcium pantothenate, 2-0; pyridoxine hydrochloride, 0-25; 
biotin, 0-01; folic acid, 0-02; vitamin B,,., 0-002; inositol, 
10-0. Each rat was given orally at the beginning of the 
experiment and each week thereafter 2 drops of halibut- 
liver oil diluted with corn oil and fortified to pro- 
vide: «-tocopherol, 4-0 mg.; 2-methyl-1:4-naphthoquinone, 
0-04 mg.; vitamin A, 400 i.u.; vitamin D, 4 iu. Ascorbic 
acid (50 mg./kg.) was added to minimize the destruction 
of thiamine (Kandutsch & Baumann, 1953), and all rations 
were refrigerated. All changes in the basal diet, as indi- 
cated in the tables, were compensated by adjusting the 
percentage. of sucrose. 

At the end of the experimental period each rat was 
stunned and decapitated, and the liver was removed for 
the determination of fat. The livers were weighed and 
homogenized in a glass homogenizer. The homogenates 
were dried in an oven at 100° and the dry weight was 
determined. The fat content was determined as total ether 
extract of the dried and ground liver. 
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RESULTS 


The results presented in the tables are representa- 
tive of some twenty experiments. In general, the 
values given are averages for representative groups 


Table 1. 


Y OF METHIONINE 44] 


have discussed this problem, which is not un- 
common in studies on the deposition of liver fat, 
and have suggested, as a solution, the averaging of 
relatively larger numbers of individual values. 
Although such averages may be relied on to indi- 
cate trends, the possibility that certain exceptions 
may be of significance cannot be dismissed. There- 
fore exceptions to the average, generally typical 
values are discussed in the text. 

The original observation, that a supplement of 
gelatin did not cause a decrease in the deposition 
of liver fat in rats receiving a diet containing 9 % of 
casein, and in which the choline had been replaced 
by methionine at the level recommended by 
Treadwell (1948) for maximum lipotropic activity, 
was thought to be exceptional. However, similar 
results were obtained in several replicates of the 
original experiment, as indicated by the values 
presented in Table 1. In each case in Expt. 1, in 
which 0:15 % of choline chloride was included in 
the diets, the fat content of the liver was within the 
normal range when gelatin was provided, and these 
values were highly reproducible from experiment to 
experiment. On the other hand, in Expt. 2, in 


Effect of gelatin on the deposition of liver fat in rats receiving 9% of casein with or without choline 


Each of the diets indicated below was supplemented with 0-1% of pi-tryptophan and was fed for 2 weeks. 


Supplements of basal diet 


DL- 


\ 


Choline 
methionine chloride Gelatin 

Expt. Group (%) (%) %) 
l 1 0-3 0-15 - 
2 0-3 0-15 6 
3 0-3 0-15 12 
4 0-3 0-15 18 

2 5 1-0 . — 
6 1-0 — 6 
7 1-0 12 
8 1-0 18 


of six rats, and in each case the standard error of 
the mean is included. In a few cases, however, in 
which considerable variability was noted from 
experiment to experiment, the values represent 
averages for two or three experimental groups. 
Previously, when diets containing choline were 
used in a study of the lipotropic effects of proteins 
and amino acids (Harper et al. 1954c), relative 
values of liver fat of comparable groups were con- 
sistent, although considerable variability was 
observed between experiments. In the present 
investigation, in which the choline in the diet was 
replaced by additional methionine, there were a 
few cases in which relative values for comparable 
groups varied somewhat from experiment to 
experiment. Best, Lucas, Ridout & Patterson 


(1950) and Best, Ridout, Patterson & Lucas (1951) 


Liver fat 








Rate of —_—_—_—— 5 
gain Dry wt Wet wt. 
(g-/week) (%) (%) 
15-9+0-9 32-2+2-0 10-8+0-8 
24-6+41-7 17-2+1-1 4-9+0-3 
25-4+42-9 14-3+0°5 4:1+0-2 
26-6+1-6 12-6+1-3 3-4+0-4 
13-9+1-1 31-6+2°3 10-5+1-0 
28-6+1-0 36-5+2-5 12-3+1-2 
28-3+1-3 35°5+1°8 11-8+0-9 
28-04 1-2 23-441-2 7140-4 





which the diets contained an additional 0-7 % of 
pL-methionine instead of 0-:15% of choline 
chloride, the accumulation of liver fat was not 
decreased by supplements of either 6 or 12% of 
gelatin. Actually, the average values for these 
groups are somewhat, but probably not signific- 
antly, higher than the control value. In a few 
instances, however, much more definite increases 
were observed. Only when 18% of gelatin was 
included in this type of diet was a value below 
that of the control group obtained. 

All the diets used in the first two experiments 
were supplemented with 0-1% of DL-tryptophan, 
thus the growth rates of the groups that received 
gelatin were considerably greater than those of the 
groups that did not. This suggested that the stimu- 
lation of growth might have caused an increase in 
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the requirement for methionine for protein syn- 
thesis, and that the accumulation of liver fat might 
be attributable to an insufficient supply of this 
amino acid for choline synthesis. 

The results presented in Table 2 show that this 
was not the case. When tryptophan was omitted 
from the diet (groups 9 and 10) the rate of growth 
of the group receiving gelatin was only slightly 
greater than that of the control group, yet the fat 
content of the liver was not decreased and was 
similar to that of group 12 which received trypto- 
phan. 


Table 2 
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seen from the results presented in Table 3, choline 
chloride (0:15%) was completely effective in 
preventing an abnormal accumulation of liver fat 
and betaine hydrochloride (0-45%), while not as 
effective as choline under the conditions of this 
experiment, was considerably more effective than 
an additional 0-7% of put-methionine. Neither 
aminoethanol (0-1 %) nor glycine (1-5 %) enhanced 
the lipotropic activity of methionine. 

As glycine, which causes a decrease in the 
deposition of liver fat in rats receiving low-protein 
diets containing choline (Harper et al. 1954e; 


Effect of gelatin on the deposition of liver fat in rats fed on low-protein (9 % casein) 


diets containing different levels of tryptophan and methionine 


The diets indicatcd below were fed for 2 weeks. 


Supplements of basal diet 


Liver fat 











= Y 
DL- DL- Choline ———_——* —\ 
Gelatin Methionine Tryptophan chloride Rate of gain Dry wt. Wet wt. 
Expt. Group (%) (%) (%) (%) (g./week) % (%) 

3 9 “= 1-0 — 15-8+0-9 33-6 42-4 11-1+1-1 
10 12 1-0 — _ 19-6+41-5 31-742°7 10-4+1-] 

1] — 1-0 0-1 - 14-8+1-4 29-2+4 2-0 9-1+0-8 

12 12 1-0 0-1 _- 29-741-5 33-2+1-1 10-2+0-4 

13 12 1-0 0-1 0-15 30-241-5 15-7+1-0 4-640°3 

4 14 12 1-0 0-1 — 26-8+ 1-2 38-9+2-0 13-5+1-0 
15 12 1-5 0-1 ~ 21-8+0-8 41-3433 14-7+1-8 

16 12 2-0 0-1 —_ 17-2+0°8 44-6+44-7 16-8 + 2-8 

17 12 2-5 0-1 ~ 16-6+41-5 43-4+1-6 14-8+.0-7 


Table 3. 
of liver fat in rats receiving 9 


Effect of certain substances known to be involved in the synthesis of choline on the deposition 
% of casein and 


0 
12% 


of gelatin 


Each of the diets indicated below was supplemented with 0-1% of pL-tryptophan and was fed for 2 weeks. 


Supplements of basal diet 





= Liver fat 
DL- Choline —_—_—_—_— 
Gelatin Methionine chloride Rate of gain Dry wt. Wet wt. 
Expt. Group (%) (%) (%) Supplement (g-/week) (%) (%) 
5 18 12 0-3 _— —- 27-5 +1 47-8+3-6 20:0+1-7 
19 2 0-3 0-15 — 27-54+1-1 14-8+0°8 4140-2 
20 12 0-3 — 0-45% 26-5+0°8 23°9 + 2-2 7-4+0°8 
betaine HCl 
21 12 1-0 _ = 25-5415 41-3+42-8 14-9+ 1-4 
22 12 1-0 — 01% 27-:0+1-7 39-6+3-9 14-6+41-9 
aminoethanol 
23 12 1-0 15% 22-0 + 1-2 42-141-9 15-4+1-0 
glycine 
When the methionine content of the diet was Benton, Harper & Elvehjem, 1955), was in- 
increased (Expt. 4) substantially, even up to a_ effective in the present study; as glycine, arginine 


level that retarded growth, the fat content of the 


liver was not decreased. It was therefore evident 


that the accumulation of liver fat could be attribu- 
ted neither to the rapid growth rate nor to an in- 
sufficient supply of methionine in the diet. 

In subsequent experiments the effects of a 
number of substances known to play a role in the 
synthesis of choline were compared. 


As can be 


and guanidinoacetic acid have been shown to 
counteract to some extent the toxic effects of a 
dietary excess of methionine (McKittrick, 1947; 
Roth, Allison & Milch, 1950; Hardin & Hove, 
1951); and, as gelatin contains relatively large 
amounts of glycine and arginine (Block & Bolling, 
1951); these two amino acids, in amounts equiva- 
lent to those contained in either 6 or 12% of 
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gelatin, were tested for their effect on the deposi- 
tion of liver fat in rats fed on low-protein (9% 
casein) diets containing additional methionine in 
place of choline. It can be seen from the results 
presented in Table 4, which are average values for 
experiments for which the control values were 
similar, that there was a decrease in the accumula- 


tion of fat in the livers of rats receiving 9% of 


casein and 1% of methionine when 0-36 % of DL- 
threonine was included in the diet (group 24 versus 
group 29). The average fat content for the groups 
receiving threonine was not as low as that observed 
in previous experiments (Harper et al. 1954b); 
however, in those experiments the values for the 
control groups were also considerably lower. The 
values for groups receiving threonine were less 
variable when the experiments were continued for 
3-4 weeks. 

The addition to the diet of 1-0% of L-arginine 
hydrochloride, in either the presence or the 
absence of supplementary threonine, was without 
effect on the deposition of liver fat. On the other 
hand, there was some increase in the deposition of 
liver fat when 3-0% of glycine was added to the 
diet, and a still further increase when both arginine 
and glycine were added. The greatest accumulation 
of liver fat was found ia the groups that received 
2-3 % of guanidinoacetic acid. The average content 
of liver fat for each of the groups that received 
0:36 % of pui-threonine with glycine or arginine 
and glycine was less than that for the comparable 
group that did not receive additional threonine. 
The guanidinoacetic acid apparently created a 
severe choline deficiency, as demonstrated by 
Stetten & Grail (1942), which masked entirely any 
effect of threonine (Harper et al. 1954c). 

The effect of glycine in increasing the deposition 
of liver fat under the conditions of this experiment 
could not be demonstrated consistently, but in no 
instance was there any evidence, in several un- 
reported experiments as well as in those included in 
Table 4, that glycine caused a decrease in the 
accumulation of liver fat. An increase in the 
deposition of liver fat was observed in each of the 
experiments in which a combination of arginine 
and glycine was fed. The results were similar 
whether the levels of arginine and glycine were 
equivalent to those in 6 or 12 % of gelatin. 

In order to examine further the effect of the 
level of casein and the effect of amino acid supple- 
ments on the lipotropic activity of methionine, 
several experiments were undertaken, of which the 
results presented in Table 5 are representative. 

It is evident that, when the casein content of the 
diet was either 20 % or 40 %, and the total amount 
of methionine in the diet was approximately 1-3 %, 
the content of liver fat was very little, if at all, 
affected by the presence of gelatin, of glycine, or 
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ffect of arginine, glycine and guanidinoacetic acid on fat deposition in the livers of rats fed on diets containing 9 % of casein 


7 


J 
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Table 4. 


METHIONINE 


Each of the diets indicated below was supplemented with 0-1% of pi-tryptophan and was fed for 2 weeks. 


Supplements of basal diet 


Liver fat 


Guanidino- 


Rate 
of gain 
(g./week) 


DL- 
Threonine 


DL- 


Methionine 


L-Arginine 


Wet wt. 


No. 


of rats 


acetic acid 


ycine 


G 


HCl 


Dry wt. 


(%) 


12-8+0-°8 
13-9+41-2 


(%) 


36-0 + 


(%) (%) (%) 


(%) 


(%) 


roup 
24 


G 


Expt. 


1-8 


9.6 


13-8 +.0-4 


18 


12 


1-0 
1-0 
1-0 
1-0 
1-0 
1-0 
1-0 
1-0 
1-0 
1-0 


6 


3 
+21 
+19 


64-4+1 


38-9 4+ 


12:0+0°7 


12-:3+40°5 


1-0 


16-2+1:3 


43-4 
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3-0 


19-3+1-1 


14:44+-0°5 


18 


3-0 


6 
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1-0 


29-8+ 1-0 
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18 


8-3+40-6 
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18-3 
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0: 
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64 


40-8 4 


O+1-1 
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31 
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of arginine and glycine. In these 2-week experi- 
ments choline always gave some reduction in the 
deposition of liver fat beyond that obtained with 











& 
i) methionine. (a 22225 oe 
ae When a combination of the amino acids that are ss HHH 4H + An 4 H + 
8 most limiting in a diet containing 9 % of casein and = = a eo = = o = 2 =m on 
12% of gelatin were provided (Expt. 8) some a ayo, 
decrease in the deposition of liver fat occurred. An & 
equal effect was obtained when threonine alone S 
was added. The values obtained in these experi- ps | 
= ments with higher levels of casein and with amino g os Terre yueeos 
i acid supplements were approximately the same as s ex wae HH HHH HO 
D that for the group that received 18% of gelatin = nw So Sa aS a 
(Table 1, group 8). The extra 6% of gelatin would Ss Sy, SO ee ee ae ee 
provide the equivalent of 0-18 % of px-threonine. 2 
In view of the observation that 0-45 % of betaine = 
hydrochloride was more effective than 1:0% of a 
; pL-methionine under the conditions of an earlier bs 5 emanec roorae 
H experiment (Table 3), and in view of the satis- ‘= ak ey as” ig ee ae eee 
5 factory responses to betaine reported by Best et al. 8 SEO oS @ eu os 
. (1950), who used a similar diet, betaine and = SBSORRSA ARRKRS 
methionine were compared at what were thought to = y 
be optimum levels in two experiments. The results > 
presented in Table 6 are representative. When the ‘5 « 
. | diet contained 9% of casein and 12% of gelatin, ® are 
| 0-6% of betaine hydrochloride was more effective = Sete AA Meee 
| than 1-0% of pi-methionine, as had been found 3 i * 
, earlier, but the combination of betaine and * 
i methionine was less effective than betaine alone. 7 © 
y When the diet contained 18% of casein, 0-7% of = fi. ae Pa ee 
pL-methionine or 0:-6% of betaine hydrochloride $ | asso FF ese eee 
was equally effective, but again the combination 3 2 & B 
of the two was less effective. The poor growth ce 3 ; 
observed in the group that received betaine but no s 3 = 
methionine with 9% of casein and 12 % of gelatin ae ST ee. a ae 
- is attributed to a methionine deficiency, for it can Ss g)ase ZeS22 
| be seen that when a small amount of DL-methionine = & B 
(0-3%) was included in this diet growth was . 2 
greatly improved. These experiments were of = Si 
3 weeks’ duration and the values throughout were = a , ee 
somewhat lower than those observed previously in ae as aaeaee 
2-week experiments (Table 3), but the greater = S 
+ effectiveness of betaine was apparent in both cases. & 
Since the liver fat values generally were lower yy nt 
when the experiments were extended from 2 to ges a ee ee 
3 weeks, it was considered important to determine 2 Bec eye 
whether the effect of gelatin was transitory. From & - 
the results presented in Table 7 it is evident that a 
rats receiving methionine in place of choline, e 
i either with 9% of casein and 12% of gelatin or 5 erexe ezzez 
with 18% of casein, exhibited a relatively high o 
liver-fat content after 1 week, and that this de- 
creased gradually to an approximately normal value 
over a period of 4—5 weeks with both types of diet. ’ 
It is also evident that at each interval the value a = 


_ 
¢ 
4 


for the group receiving 9% of casein and gelatin 
was higher than that for the group receiving 
18% of casein. These 4- to 5-week experiments 
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represent the only instance in this Laboratory 
in which the liver-fat content of rats receiving 
methionine as the only source of methyl groups in 
the diet has been found to be as low as that ob- 
tained with choline. 


DISCUSSION 


Both gelatin and glycine, in amounts which cause 
a reduction in the deposition of liver fat in rats 
receiving diets containing 9 % of casein and choline 
for 2-3 weeks (Singal et al. 1953; Harper et al. 
1953; Benton et al. 1955) were without effect when 
the choline in the diet was replaced by 1:0% of 
pL-methionine. This effect cannot be attributed to 
a deficiency of either methionine or aminoethanol, 
nor to the more rapid growth rate of the rats 
receiving the additional gelatin (Tables 2 and 3). 
In the former case (Harper et al. 1953, 1954a) the 
accumuiation of liver fat could be attributed to 
a deficiency or imbalance of certain dietary amino 
acids. In the latter, however, the diet was deficient 
primarily in choline and, since the inclusion of 
choline with gelatin resulted in normal values for 
liver fat, it has been assumed that the fatty 
infiltration under these conditions indicates that 
insufficient choline is being synthesized. 

If the accumulation of liver fat under the condi- 
tions of these experiments is used as a measure of 
choline synthesis, it becomes apparent that the 
rate of synthesis of choline from methionine in the 
young rat is affected by at least two dietary factors: 
the adequacy of the dietary protein with respect to 
its content of essential amino acids, and the glycine 
and arginine content of the diet. 

The significance of the first factor is evident 
from the decrease in the deposition of liver fat that 
occurred when the diet containing 9 % of casein and 
12% of gelatin was supplemented with threonine, 
when the casein content of the diet was increased, 
and when the gelatin content was increased to 18 %. 
Beveridge, Lucas & O’Grady (1944) also found less 
accumulation of liver fat when the gelatin in their 
diet was replaced by casein. That the system 
affected by threonine in this case is different from 
that affected in the previous studies (Singal e¢ al. 
1953; Harper et al. 1953) is evident from the fact 
that in the latter case choline had to be present 
before an effect of threonine could be demon- 
strated, whereas in the present study, in which 
diets containing much more protein were used, no 
effect of threonine could be demonstrated when 


choline was provided. It is of interest that this 


effect on the deposition of liver fat was observed in 
rats that were growing well and that showed no 
growth response to the threonine supplement. 

The effect of arginine and glycine in modifying 
the lipotropic activity of methionine is not un- 
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expected in view of the observations of Stetten & 
Grail (1942) that the methyl acceptor guanidino- 
acetic acid increased the severity of a choline 
deficiency and those of Roth et al. (1950), Hardin & 
Hove (1951) and Cohn & Berg (1951) that the 
toxicity of an excess of methionine was decreased 
by including arginine or glycine or both or guani- 
dinoacetic acid in the diet. Apparently the methyl 
group of methionine is used to convert excessive 
amounts of guanidinoacetic acid or high levels of 
arginine and glycine into creatine (Stetten & 
Grail, 1942), and this may cause a substantial 
decrease in the amount of methionine available for 
choline synthesis. If the supply of choline in the 
diet is inadequate, an increase in the deposition of 
liver fat would be expected (see Table 4). These 
observations may account for the report by 
Salmon (1950) that gelatin increases the require- 
ment of the rat for methionine. This effect of an 
excess of arginine and glycine was less apparent 
when threonine was added to the diet containing 
9% of casein (Table 4), and was not at all evident 
when the diet contained 20% or 40% of casein 
(Table 5), suggesting that arginine and glycine are 
more readily metabolized via pathways other than 
creatine formation when the dietary protein is 
adequate. 

Although an excess of methionine would be 
expected to overcome the effect of an excess of 
arginine and glycine (Hardin & Hove, 1951), it did 
not in these short-term experiments (Table 2). 
This, and the observation that betaine was more 
effective than methionine in the 2- to 3-week 
experiments in which diets containing gelatin were 
used, require further investigation, particularly 
since the methyl groups of betaine are presumably 
metabolized via methionine. It is possible that 
both of these observations are related to the known 
toxic action of an excess of dietary methionine 
(see Harper, Benton & Elvehjem, 1955 for refer- 
ences) of which an increase in the deposition of 
liver fat may be another manifestation (Table 6; 
Roth et al. 1950). The exact level at which methio- 
nine becomes toxic is uncertain and is influenced 
by a number of factors (Treadwell, 1948; Wretlind 
& Rose, 1950; Grau & Kamei, 1950; DeBey, Snell 
& Baumann, 1952; Baron & Allison, 1954). The 
level of 1-2—1-3% generally used in this study un- 
doubtedly approaches the toxic range but no 
evidence of a significant retardation of growth was 
obtained with this level in either the present study 
or that of Treadwell (1948). 

The failure to obtain a decrease in the deposition 
of liver fat in 2- to 3-week experiments when 
gelatin was added to a diet containing 9% of 
casein and 1% of methionine can apparently be 
attributed in the main to the inadequacy of the 
supply of threonine in the diet containing casein 
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and gelatin and to the high levels of glycine and 
arginine provided by the gelatin (compare groups 
24 and 32, Table 4, with groups 5 and 7, Table 1). 
These factors are obviously of importance only in 
short experiments (3-4 weeks) because after 4 
weeks the liver-fat content of rats receiving 9% of 
casein and 12% of gelatin is in the normal range. 

It would appear that some time is required for 
the young rat, even when fed on an adequate diet 
(Table 7), to adapt itself to the use of methionine 
instead of choline. This suggests that the capacity of 
the rat to synthesize choline increases as the rat 
matures. The time required for such an adaptation 
is apparently modified by the adequacy of the 
dietary protein (Table 7). Since the protein require- 
ment decreases as the animal matures and its 
growth rate falls off, a diet that is inadequate for 
the very young animal may be perfectly adequate 
later on. The observation of Beveridge, Lucas & 
O’Grady (1945), that the liver-fat content of rats 
receiving gelatin supplemented with essential 
amino acids was higher than that of rats receiving 
casein, may be attributed to the high arginine and 
glycine content of the diets that contained gelatin 
and to the fact that their experiments were of only 
3 weeks’ duration. 

These observations emphasize the caution that 
must be exercised in attempting to compare 
quantitatively the effectiveness of choline and 
methionine as lipotropic agents. Distinctly different 
values would be obtained if the comparisons were 
made after 1, 2, 3 or 4 weeks in experiments begun 
with weanling rats; and at each interval the results 
would differ with different types of diets. This may 
account for some of the differences of opinion about 
the amount of methionine required for maximum 
lipotropie activity. : 

The results of this study emphasize once again 
the importance of the balance of amino acids in the 
diet on the deposition of liver fat, and it is now 
evident that at least three distinct effects of the 
non-sulphur-containing amino acids can be demon- 
strated. Beveridge et al. (1945) and Treadwell, 
Tidwell & Gast (1944) demonstrated that if a 
hypolipotropic diet were made more adequate with 
respect to essential amino acids an increase in 
growth and food consumption could cause an 
increase in liver-fat deposition. The observations of 
Singal et al. (1953), Harper et al. (1953) and Cole & 
Scott (1954) showed that deficiencies of threonine, 
lysine and tryptophan could cause an accumulation 
of liver fat through a mechanism distinctly different 
from that of the well-known lipotropic factors, and 
it does not seem improbable that some other 
individual amino acid deficiencies may have similar 
effects. Finally, it is evident that the levels of 


arginine and glycine and of threonine may in- 
fluence the lipotropic activity of methionine even in 
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relatively high protein diets. Dick, Hall, Syden- 
stricker, McCollum & Bowles (1952) and Lucas & 
Ridout (1955) have suggested that some fatty 
livers may represent a non-specific effect of protein 
deficiency rather than a specific lack of any one 
essential amino acid, but this is surely another 
way of saying that when the diet is deficient in 
several factors the effects of the individual de- 
ficiencies cannot readily be distinguished. 


SUMMARY 


1. Some factors that influence the lipotropic 
activity of methionine in the young rat have been 
investigated. 

2. In experiments of less than 4 weeks’ duration, 
fatty infiltration of the liver was evident in young 
rats when the choline in diets that permitted a 
satisfactory rate of growth was replaced by 
methionine. 

3. The extent of the fatty infiltration was 
greater when the diet contained 9% of casein and 
12% of gelatin than when it contained 18% or 
more of casein. 

4. The greater fatty infiltration observed in rats 
receiving the diet containing gelatin has been 
attributed to the low content of threonine and the 
high content of arginine and glycine in gelatin. 

5. No abnormal accumulation of liver fat was 
found in rats fed on either diet for more than 4 weeks, 
which suggests that the capacity of the young rat 
to synthesize choline increases as it matures* and 
that the effect of gelatin is of significance only 
during the period of early growth, when relatively 
high-protein diets containing additional methio- 
nine in place of choline are fed. 

6. The significance of these the 
investigation of the lipotropic activity of methio- 
nine has been discussed. 
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The Fatty Acid Composition of Indian Turtle Fat 


By 8S. P. PATHAK anp L. M. DEY 
Department of Industrial Chemistry, Banaras Hindu University, India 


(Received 20 September 1955) 


As very little is known about the composition of 
the fats of amphibians, particularly of tropical 
waters, the present study on the fatty acid com- 
position of the body fat of an Indian turtle was 
undertaken. 


EXPERIMENTAL 


The sample of body fat was from a turtle (Erthmochelies 
imbricata) of marine origin, caught in the Bay of Bengal 
(east coast of Madras State). It was kindly supplied by the 
Superintendent, Fisheries Technological Station, Kozhi- 
kode. The fat was refined and freed of phosphatides by the 
usual methods. It was then hydrolysed, and the mixed 
fatty acids thus obtained were resolved into three groups of 


Table 1. 


Group Description 
A Lead salt—ethanol-insoluble 
B Lead salt—ethanol-soluble but 


lithium salt—acetone-insoluble 


C Lithium salt—acetone-soluble 


simpler mixtures of fatty acids by the lead salt-ethanol 
method (Hilditch, 1947) followed by further resolution of 
the soluble fraction by the lithium salt-acetone method 
(Tsujimoto, 1920; Tsujimoto & Kimura, 1923). Each 
group of the fatty acids was separately converted into 
the methyl esters, taking the usual precautions as recom- 
mended by Bjarnason & Meara (1944). The esters were then 
subjected to fractional distillation under high vacuum 
(0:1 mm. Hg) through an efficient electrically heated and 
packed column (Longenecker, 1937). The compositions of 
the subfractions were calculated from their respective 
iodine values and saponification equivalents according to 
the method recommended by Hilditch (1947). The mean 
unsaturations, as given in parentheses in Table 3, were 
determined as usual by interpolation and extrapolation 


Separation of the acids of turtle fat by the lead salt-ethanol and lithium salt—acetone methods 
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from the respective ester fractions in each group. The final 
composition of the whole fat was then computed from 
these results and is given in Table 3. 


RESULTS 


Table 1 gives the fractional-crystallization data of 
the mixed fatty acids by the lead salt—ethanol and 
lithium salt—acetone methods; and Table 2 records 
the ester-fractionation results with saponification 
equivalents and iodine values. 

The component acids of each group and of the 
whole fat are recorded in Table 3. 


DISCUSSION 


The present fat shows similarities to typical 
amphibian animal fats in its lower content of Cj, 
unsaturated acids when compared with that of 
fish depot fats, and unsaturated C,, acids, mainly 
oleic acid, become the prominent individual group. 
Unsaturated acids of the Cy) and C,, series are 
present up to about 15% in other amphibian fats 
but in the present case these rise to about 25%, 
which seems to be peculiar to this fat. The present 
fat also contains about 3% of unsaturated C,, 
acids, which again is unique for this class of fat. 
Another remarkable feature of the present fat is 
its high content (10%) of myristic acid. The 
presence of unusually large amounts of myristic 
acid has also been reported in a green-turtle fat 
studied by Tsujimoto (1937), and in other cases it 
has been found to be present to the extent of about 
11%. The presence of about 15% of palmitic acid 


Table 3. 
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Table 2. Fractionation of methyl esters of turtle 
fat acids A, B and C 


Fraction 


Al 
A2 
A3 
A4 
A5 
A6 
A7 
A8 
A9 
Al0 


* Equivalents of esters, 
matter: A10, 327-2; 


Component acids of groups 


(%) 

Acids A B 

Lauric — 0-09 

Myristic 7-22 2-95 

Palmitic 12°52 2-50 

Stearic 6°50 0-72 

Arachidic 1-09 — 

Behenic 0-05 — 

Unsaturated 

C. 0-10 1-24 
(-2-0 H) (-2-0 H) 

Cre 0-63 9-32 
(-2-0 H) (-—2-0 H) 

Cys 1-10 19-07 
(-2-0 H) (-2-3 H) 

Ce 2-26 8-36 
(-—2-0 H) (-—4-2 H) 

Cos 0-31 1-40 
(-2-0 H) (-5-0 H) 

Coy — — 

Unsaponifia ble 0-02 0-15 


29 


= . Pea 


C 


2-88 
( -—2-0 H) 
3-66 
(-3-3 H) 
10-02 
(-4-8 H) 
2-89 
(-6-0 H?) 
2-85 
(-10-0 H?) 
0-10 


Wt. Saponification 

(g.) equiv. 
Methyl esters of A acids 

3°14 242-2 

3-02 251-2 

3-06 257-3 

2-85 263-0 

3°17 268-3 

3-09 273-8 

2-92 283-6 

3-06 290-7 

3-09 298-1 

3°54 329-0* 
Methyl esters of B acids 

2-75 241-1 

2-95 266-3 

3-04 274-9 

3°16 280-4 

3-02 285-0 

3°31 294-0 

3-09 296-2 

3°21 298-6 

3°37 319-2 

3-19 340-1* 
Methyl esters of C acids 

2-85 269-1 

3-09 289-1 

3-34 310-2 

3-09 318-9 

2-92 325-4 

3°44 325-4 

2-24 332-2 

4-59 373-9* 

freed from 


Total 
(%) 
0-09 

10-17 

15-02 
7-22 
1-09 
0-05 


1-34 
(—2-0 H) 
12-83 
(—2-0 H) 
23-83 
(-—2-4 H) 
20-64 
(-4-3 H) 
4-60 
(-5-4 H?) 
2-85 
(-—10-0 H?) 


0-27 


B10, 329-6; C8, 365-0. 


Component acids in groups A, B, C and in the whole fat of turtle 
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29-6 
65-6 
78-0 
82-8 
85-7 
91-6 
100-2 
105-2 
151-6 
120-3 


95-9 
127-4 
170-8 
177-0 
177-9 
201-8 
188-9 
107-8 « 


unsaponifiable 


Fatty acids in the whole fat, 
excluding non-saponifiables 


% (w/w) 
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23-9 


20-7 
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% (mol.) 
0-1 
12-3 
16-2 
7-0 
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1-6 
13-9 
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is quite normal, since other varieties of turtle fats 
contain about 15-22 % of this acid (Table 4). The 
stearic acid content (7-2%) in the present fat is 
also not abnormal. 

Among the unsaturated acids, the turtle fat now 
described resembles those studied by others in its 
content of 1-3 and 12-9 % of monoethylenic C,, and 
C,, acids respectively. Decrease in the unsaturated 


Table 4. 


Acids Turtle* 
Decanoic 0-2 
Lauric 13-3 
Myristic 10-6 
Palmitic 17-0 
Stearic 4+] 
Arachidic - 
Behenic 
Unsaturated 

13 
(-2-0 H) 
Cie 78 
(-2-0 H) 
Cis 39-6 
( — 2-2 H) 
e. 6-1 
(-6-3 H) 
Gi. 
c. ws 


* Green & Hilditch (1938). 

§ Present study. 
C,, acid content with the increase in the amounts of 
higher unsaturated acids of the Cy, Cy and Cy, 
series is striking and makes the present fat stand 
apart from the other turtle fats. Such a deviation 
in fatty acid composition may be due to various 
factors that govern the fatty acid compositions of 
fats in animals. The presence of a high proportion 
(66-3 %) of unsaturated acids, which is typical of 
marine animal fats, may be due to the marine 
origin of the present animal. Another factor which 
governs fatty acid composition is the life habits of 
A marked difference in unsaturation was 
observed from wild rabbits 
(Lewkowitsch, 1922). By comparing the composi- 
tions of two crocodile fats, given by Gunstone & 
Russell (1954), in which Crocodylus niloticus fat was 
obtained from an animal in its natural state and 
Crocodylus porosus fat was obtained from an animal 


animals. 


in fats and tame 


kept in captivity for several years, we find that the 
animal living in its natural state contained larger 
amounts of unsaturated C,, and Cyp-»5 acids and 
lower amounts of C,, acids with a higher degree of 
unsaturation than those from an animal kept in 
captivity. The species difference may also bea factor. 


+ Ogata & 
Also contains 3-5% of hexanoic acid. 


AND L. M. DEY 


The deviation therefore, in the fatty acid com- 
position of the present sample of turtle fat from 
those studied by others may be due to its being 
from an animal belonging to a different species, or 
to the fact that the present fat was obtained from 
an animal living in its natural surroundings (the 
sea), whereas others might have been in captivity 
for a long time. 


1956 


Constituent fatty acids (%, w/w) of the fats of a few species of turtle 


Turtley Turtlet Turtles 
14-2 -- 0-1 
7-2 6-6 10-2 
15-2 218 15-0 
68 155 7:2 
— 1-9 1-1 
— -- 0-1 
2-6 3-5 13 
(-2-0 H) (-2-0 H) (—2-0 H) 
10-9 18-0 12-9 
(-2-0 H) (-2-0 H) (-2-0 H) 
39-4 31-4 23°9 
(-2-0 H) (-3-7 H) (— 2-4 H) 
0-2 1:3 20:7 
(-? H) (-8-6 H) (-4:3 H) 
— _— 4-6 
(-5-4 H) 
— es 2.9 


(- 10-0 H?) 


Minato (1940). t Giral & Marquez (1948). 


SUMMARY 


1. The composition of the body fat from a turtle 
(Erthmochelies imbricata) has been studied. Lead 
salt-ethanol and lithium salt—acetone methods 
were adopted for preliminary separation of the 
mixed fatty acids into groups differing in un- 
saturation. The compositions of the resulting 
fractions were studied by the ester-fractionation 
procedure. 

2. Significant differences have been found in the 

proportions of saturated and unsaturated acids, 
when compared with those of other amphibian 
animal fats. 
3. The high content of unsaturated acids, which 
is typical of marine animal fats, is remarkable in 
the fat described. Decrease in the unsaturated C,, 
acid content with the increase in the amounts of 
higher unsaturated acids of Cy, Coo and C,, series 
makes the fat stand apart from others in this 
category. 

4. Possible reasons for this deviation in fatty 
acid composition are discussed. 
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The Nature of the Effect of Ammonium Sulphate on the 
Biosynthesis of Ascorbic Acid in Plants 
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Ever since Ray (1934) showed that excised pea 
embryos could synthesize ascorbic acid on a semi- 
solid medium containing hexoses, it has been 
known that ascorbic acid may be formed from 
carbohydrate sources. However, the first direct 
evidence for the hypothesis was provided by 
Jackel, Mosbach, King (1950), who 
demonstrated a conversion of uniformly labelled 
[4C]glucose into uniformly labelled ascorbic acid 
in the rat. Previous work based essentially on the 


Burns & 


increased excretion ot ascorbic acid when various 
precursors were administered had not been con- 
clusive, owing to the well-known stimulatory effect 
of various substances, some of which could not, by 
their very nature, be precursors (Longenecker, 
Musulin, Tully & King, 1939). The work of Jackel 
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Fig. 1. 
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et al. (1950) provided convincing evidence that 
glucose served as a precursor for this vitamin. 

An analogous position is found when plants are 
considered. Vitamins of the B group and a number 
of amino acids, as well as intermediates of the citric 
acid cycle, have all been found to stimulate 
ascorbic acid synthesis (Bharani, Shah & Sreeni- 
vasan, 1953). Hence it was desirable to obtain 
direct evidence for the conversion of glucose into 
ascorbic acid in plants as well, by means of an 
isotopic technique. 

That glucose is the most likely precursor has 
been shown by the work of Isherwood, Chen & 
Mapson (1954). Their work has indicated that 
glucose may into acid 
according to the sequence shown in Fig. 1. The 


be converted ascorbic 
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hypothesis is based mainly on the increase in 
ascorbic acid synthesis produced by the inter- 
mediates of this scheme in germinating seedlings. 
The work of Horowitz & King (1954) and the well- 
known similarity of the synthetic mechanisms in 
plants and animals also lend strong support to 
such an hypothesis. 

The biosynthesis of ascorbic acid in plants is 
known to be affected by various salts, and the 
evidence obtained from the studies carried out by 
various workers has been generally conflicting and 
difficult to interpret. The work of Mapson and 
others (Mapson & Cruickshank, 1943; Mapson, 
Cruickshank & Chen, 1949) has thrown much light 
on this question. They showed that the effect of 
a salt such as ammonium sulphate, chloride or 
succinate was dependent on the nature of the 
anion combined with the NH,* radical. If this 
anion was not utilizable by the plant, as with other 
ions, e.g. Cl-, SO,?-, there was a marked depressant 
effect, which was related to the pH changes 
induced by the particular salt in the cell sap. On 
the basis of their results, they suggested that the 
salts probably acted by reducing the efficiency of 
conversion of a ‘hexose precursor’ into ascorbic 
acid. 

However, other explanations have also been 
suggested by various workers (Nightingale, 1948; 
Aberg & Ekdahl, 1948). In view of the existing 
situation, the effect of ammonium sulphate—a 
typical inhibitory salt—has been studied in detail. 
The studies presented herein show conclusively 
that this salt does inhibit the conversion of glucose 
into ascorbic acid, and that the step inhibited is 
probably the conversion of glucose into 
glucuronic acid. 





most 


iX PERIMENTAL 


In the present investigation, healthy green gram seeds 
(Phaseolus radiatus) were used. Germination of the seeds 
was done under aseptic conditions, the seedlings being 
cultured in sterile, 9 em. Petri dishes on disks of Whatman 
no. | filter paper. The germinations were all carried out at 
room temp., which varied between 26° and 30°. The pro- 
cedure adopted in germinations was as follows. 

The seeds (2 g., accurately weighed) were sterilized by 
standing in 0-1% HgCl, solution for 2-3 min. and then 
washing off the HgCl, thoroughly with sterile, glass- 
distilled water. These seeds were then transferred to a 
sterile Petri dish, containing the medium, in the vicinity of 
a Bunsen flame. The Petri dishes, as well as the culture 
media, were sterilized by autoclaving at 15 lb. pressure for 
15 min., then dried overnight at 100° and allowed to cool. 
All transfers of solutions into the dishes were afterwards 
done in the neighbourhood of a Bunsen flame, under aseptic 
conditions. Commonly 10 ml. of glass-distilled water was 
added to each dish, and the compounds whose effects were 
to be investigated were dissolved in this. 

In radioactive experiments [“C]glucose was added as 
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a sterile solution having a total count of the order of 
10°/min. The glucose thereby included in the culture 
medium was approximately 0-2 mg. 

Except where ascorbic acid was included in the medium, 
when it was dissolved in sterile glass-distilled water, and 
a definite amount of this solution was added to the rest of 
the culture medium which had been separately sterilized, 
all solutions were sterilized by autoclaving at 15 lb. pressure 
for 15 min. 

Estimation of ascorbic acid. The total ascorbic acid of 
seedlings was estimated by the method of Roe & Kuether 
(1943) after they had been ground up with 4% meta- 
phosphoric acid, centrifuged and made up to volume. 
These values were checked by titration against dichloro- 
phenolindophenol in the usual manner. 

Isolation and measurement of radioactive ascorbic acid. 
For isolation of radioactive ascorbic acid, the germinated 
seedlings were washed thoroughly with excess of glass- 
distilled water and ground up with 5% oxalic acid (A.R..). 
The extract was centrifuged, ascorbic acid estimated with 
indophenol, and enough carrier was added to bring the 
total content to 100 mg. This extract was treated with solid 
neutral lead acetate till there was no more precipitation, 
and the last traces of lead acetate were removed with 
freshly prepared saturated oxalic acid solution, added drop 
by drop. The extract was then centrifuged and the ascorbic 
acid in the supernatant adsorbed on an Amberlite IR-4B 
column prepared according to Jackel, Mosbach & King 
(1951). The method adopted for elution of ascorbic acid, its 
isolation as the osazone with 2:4-dinitrophenylhydrazine 
and subsequent purification of the osazone by recrystalliza- 
tion from boiling absolute ethanol-acetone (1:1, by vol.) 
to constant specific activity, was similar to that of Jackel 
et al. (1951). 

Radioactive measurements were carried out with the aid of 
a Tracerlab flowgas counter (Tracerlab Inc., Boston, Mass.) 
connected to an autoscaler. At the counting rates employed, 
the counting was accurate to within -+-1-5%. The osazone 
was counted in steel planchets, after dispersion in acetone 
and drying to a thin layer. Whenever comparisons of radio- 
active conversions were made, identical amounts (10 mg.) 
of osazone were counted, so that the results were strictly 
comparable. 


RESULTS 


Phaseolus seeds were germinated in presence of 
uniformly labelled [!4C]glucose, with and without 
the addition of ammonium sulphate, and _ the 
extent of conversion of glucose under the two con- 
ditions was studied. Ammonium sulphate was 
chosen as typical of salts which inhibit ascorbic 
acid synthesis as shown by the earlier work of 
Mapson et al. (1949). The solution added to the 
seeds was so adjusted that the entire amount was 
quantitatively absorbed during the 72 hr. germina- 
tion period, and this amount of solution was 
determined by a preliminary experiment. Such 
a procedure was found necessary because the 
seedlings treated with ammonium sulphate ab- 
sorbed slightly less than untreated ones for the 
same period of germination. The results presented 
in Table 1 show that [14C]glucose is converted into 
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ascorbic acid by the seedlings, and that the per- 
centage conversion is of the same order as that 
found in the rat by Jackel et al. (1950) and Horowitz 
& King (1952). These latter workers had found 
that during a 24hr. period rats could convert 
between 0-3 and 0-8 % of [14C]glucose into ascorbic 
acid. Apparently both animals and normal plants 
utilize glucose to approximately similar extents for 
synthesis of vitamin C. Further, the results ob- 
tained show that this conversion in Phaseolus seeds 
is definitely inhibited by ammonium sulphate, as 


Table 1. Effect of ammonium sulphate on the 
conversion of [14C]glucose into ascorbic acid in 
Phaseolus seedlings 
Seeds (2 g.) germinated for 72hr. Radioactivity ex- 

pressed in counts/min. 

Seeds grown with 


{44C]Glucose 
+50 mg. of 





|4C]Glucose ammonium 
alone sulphate 
Ascorbic acid content (mg.) 2-06 1-06 
Radioactivity in glucose 3-347 x 108 2-757 x 106 
supplied 
Radioactivity in ascorbic 2-545 x 104 1-067 x 10% 
acid synthesized 
Conversion of glucose (%) 0-7603 0-3870 


Table 2. Effect of ammonium sulphate on the uptake and metabolism of ascorbic acid 
J, ) E 2 
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amounts of ammonium sulphate added in (c) and 
(d) were also equal. At the end of 24, 48 and 72 hr., 
the total ascorbic acid content of the seedlings was 
determined. Where ascorbic acid was supplied, 
5 mg. was added as a freshly prepared solution in 
sterile glass-distilled water, once every 24 hr. The 
results presented in Table 2 show that germinating 
seedlings can take up and retain ascorbic acid when 
it is supplied under both conditions. The difference 
in ascorbic acid content between seedlings germin- 
ated as in (c) and (d) is the same, within limits of 
experimental error, as the corresponding difference 
between (a) and (b), showing that the presence of 
ammonium sulphate makes no difference in the net 
amount of ascorbic acid present under these con- 
ditions. 

Since ammonium succinate has been shown by 
Mapson et al. (1949) to have little effect on the 
synthesis of ascorbic acid in germinating seedlings, 
the experiment was repeated with ammonium 
succinate replacing ammonium sulphate. The 
results are shown in Table 3. 

The differences in ascorbic acid content given in 
Tables 2 and 3 show the same pattern, although in 
the one case the salt used is inhibitory and in the 
other it is not inhibitory. Thus it is apparent from 
these results that ammonium sulphate inhibits 
only ascorbic acid synthesis and not its catabolism, 
and that it inhibits the synthesis of ascorbic acid 


in Phaseolus seedlings 


Seeds (2 g.) in 10 ml. of culture medium; ascorbic acid values in mg./100 g. of seeds. 


24 hr. 
Germination details Ascorbic acid Diff. 
(a) Control — 
(b) Ascorbic acid supplied (6 mg. 100-0 7 35-0) 
once every 24 hr.) 
(c) (NH,).SO, (50 mg.) — 
(d) (NH,).SO, as in 75:0 [ 37-5 
(¢) + ascorbic acid as in (b) 


shown by the correspondence between the ascorbic 
acid values as determined by analysis and the 
percentage incorporation of radioactivity under the 
two conditions. 

To study whether the presence of ammonium 
sulphate in the culture medium was leading to an 
increased catabolism of ascorbic acid as compared 
to untreated seedlings, the following investiga- 
out. Phaseolus seeds were 
germinated under four different (a) 
with water alone, (b) with ascorbic acid, (c) with 
ammonium sulphate, and (d) with ammonium 
Identical amounts of 


tions were carried 


conditions: 


sulphate and ascorbic acid. 
ascorbic acid were added to (b) and (d) and the 


48 hr. 72 hr. 
Ascorbie acid Diff. Nagoebisacid Diff. 
75-0 122-5 
165-0 { 90-0 270-0 f 147-5 
50-0 60-0) 
a 105-0 205-0 145-0 


Table 3. Effect of ammonium succinate on uptake 
and metabolism of ascorbic acid in Phaseolus seeds 


Seeds (2 g.) germinated for 72 hr. 


Ascorbic acid 
(mg./100 g. 


Germination details of seeds) Diff. 
Control er 
Ascorbic acid (5 mg. every ee 100-0 
24 hr.) 
Ammonium succinate 125-0 
(55 mg.) 
Ammonium succinate 230-0 [ 105-0 
(55 mg.) +ascorbie acid 


as above 
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from glucose. Since Isherwood et al. (1954) have 
recently investigated some of the intermediate 
stages in the conversion of glucose into ascorbic 
acid, it was thought worth while to study the 
influence of ammonium sulphate on the utilization 
of glucurono-y-lactone by the seedlings. For this 
purpose, Phaseolus seeds were germinated with 
ammonium sulphate and with ammonium sul- 
phate + glucurone, and the ascorbic acid synthesis 
under these conditions was ‘compared with the 
corresponding synthesis in absence of the salt. 
Since it was found that the addition of glucurone at 
the beginning of the experiment tended to inhibit 
the germination, this compound was added after 
the seedlings had grown for 24 hr. The results in 
Table 4 indicate that glucurone causes the same 
increase in ascorbic acid in the seedlings, irre- 
spective of the presence or absence of ammonium 
sulphate in the medium. The utilization of glu- 
curone is therefore unaffected by the salt. 


Table 4. Effect of ammonium sulphate on the utiliza- 
tion of glucurone by Phaseolus seedlings 
Seeds (2 g.) germinated for 72 hr. 


Ascorbie acid 
(mg./100 g. 


Germination details of seeds) Diff. 
Water only 120-0 ) 

4 < { 90- 
Glucurone (50 mg.) 210-0 | 90-0 
(NH,).5O, (50 mg.) 67-5) 

(NH,).SO, (50 mg.) 160-0 - 92-5 


glucurone (50 mg.) 


DISCUSSION 


As was pointed out above, the work of Mapson 
& Cruickshank (1943) and Mapson et al. (1949) 
strongly suggested that the inhibitory effect of a 
salt such as ammonium sulphate was probably on 
the efficiency of conversion of a ‘hexose precursor’ 
into ascorbic acid. Evidence presented in the 
present paper shows that the precursor is glucose. 

Alternative explanations of the salt effect are 
the higher rate of respiration induced by the 
nitrogen supply (Nightingale, 1948), and a de- 
pressed availability of ‘photosynthetic products 
available for synthesis’ by stimulation of other 
competitive processes (Aberg & Ekdahl, 1948). 
But it will be obvious from the present study that 
the first explanation would imply a more rapid 
destruction of ascorbic acid treated with ammonium 
sulphate, whereas the second implies that less 
glucose is made available for synthesis. The results 
presented in Tables 2 and 3 show that neither a 
depressant salt, such as ammonium sulphate, nor 
one that has little effect, such as ammonium suc- 
cinate, affects the uptake and accumulation of 
If the ascorbic acid 


ascorbic acid by the plant. 


SIVARAMA SASTRY AND P. 8S. SARMA 


1956 


absorbed by the plant from the medium is subject 
to the same metabolic processes as the ascorbic acid 
synthesized by the plant—an assumption that is 
justified in view of the normal physiological range 
of concentrations of ascorbic acid employed—and 
if an altered metabolism were to be taking place 
in presence of the inhibitory salt, one would expect 
the difference between (c) and (d) in Table 2 to be 
less than the corresponding difference between 
(a) and (b). But since this is not so, it is obvious 
that ammonium sulphate has an adverse effect 
only on the biosynthesis and not on the catabolism 
of ascorbic acid. 

The results in Tables 1 and 4 taken together are 
particularly interesting since they reveal, for the 
first time, that ammonium sulphate, at a level 
which reduces the synthesis of ascorbic acid by as 
much as 50%, does not, however, affect the con- 
version of glucurono-y-lactone into ascorbic acid. 
The entire inhibitory influence appears to centre 
round the conversion of glucose rather than that of 
glucurone. The results show that, of the various 
steps in the sequence 


glucose—glucuronic acid—>gulonic acid—ascorbic acid, 
A B C 
only step A is inhibited by ammonium sulphate. 
Mapson eé¢ al. (1949) have shown that the 
presence of a salt such as ammonium sulphate 
increases the acidity of the cell sap, and it seems 
likely that under these conditions the enzyme 
system involved in the conversion of giucose into 
glucuronic acid is adversely affected. 


SUMMARY 


1. The conversion ratio of [#4C]glucose into 
ascorbic acid is of the same order in Phaseolus 
seeds as that established by earlier workers for rats. 

2. Ammonium sulphate inhibits the conversion 
of uniformly labelled ['*#C]glucose into ascorbic 
acid. This inhibition accounts quantitatively for 
the observed decrease in ascorbic acid content of 
seedlings grown in the presence of the inhibitory 
salt. 

3. Ammonium sulphate has no effect on the 
catabolism of ascorbic acid. The lowered ascorbic 
acid content found in the seedlings grown with this 
salt is attributable only to a decreased synthesis. 

4. Ammonium sulphate inhibits only the utiliza- 
tion of glucose and not that of glucurono-y-lactone 
in the in vivo synthesis of ascorbic acid in Phaseolus 
seedlings. 


We wish to thank Corn Products Co. Ltd., New York, 
U.S.A., for their generous gift of the glucurone used in the 
above investigation. Thanks are also due to the University 
of Madras for the award of a research studentship to one of 
us (K.S.5.). 
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The Estimation of 1-Monoglyceride 


By C. M. 


DOWSE anv J. A. SAUNDERS 


Department of Physiology, The Medical School, King’s College, Newcastle upon Tyne | 


(Received 14 September 1955) 


Pohle, Mehlenbacher & Cook (1945) first reported 
a method for the estimation of 1-monoglyceride 
(1-MG) based on the oxidation of the vicinal 
hydroxyl groups of the glycerol part of the mole- 
cule by periodic acid. The procedure was modified 
by Pohle & Mehlenbacher (1950), who used a 
chloroform—acetic acid mixture as a medium for 
the oxidation which was allowed to continue for 
20 min. The residual periodate was estimated by 
adding iodide and titrating with thiosulphate 
solution. 

Kummerow & Daubert (1950) found that this 
method indicated the presence of small amounts of 
1-MG in various natural fats, but that fatty acid 
derived from fats also showed an apparent 1-MG 
content. Mattson, Benedict, Martin & Beck (1952) 
recorded values for 1-MG of up to 1-5% with pure 
tri- and di-glycerides. 

Borgstrém (1954) found that lead tetraacetate, 
which has oxidizing properties similar to those of 
periodic acid, gave erroneous values for 1-MG with 
samples containing unsaturated fatty acids. He 
attributed the high values to the reduction of the 
tetraacetate by partially oxidized double bonds in 
the unsaturated fatty acids. 

We have confirmed the observations of Kum- 
merow & Daubert (1950), and in addition have 
found that the apparent 1-MG content increases 
with the time during which periodic acid is allowed 
to act, up to 24 hr. 

We have developed an alternative method for 
the estimation of 1-MG, based on the fact that 
oxidative splitting of the vicinal hydroxyl groups 
of the glycerol part of the molecule yields formalde- 
hyde, whereas oxidation of any double bond (other 
than a terminal one) in the fatty acid part of the 


molecule would not give formaldehyde. This 
principle has been applied to the estimation of 
adrenocortical steroids by Corcoran & Page (1948) 
and Daughaday, Jaffe & Williams (1948). Our 
procedure is on a somewhat larger scale than that 
of Corcoran & Page (1948), the main points of 
difference being: (1) the replacement of acetic by 
propionic acid in the oxidation mixture; (2) the 
removal of chloroform by aeration under reduced 
pressure; (3) the use of steam in addition to 
ordinary distillation to remove the formaldehyde. 


EXPERIMENTAL 


Apparatus 


A modified all-glass semi-micro-Kjeldahl apparatus 
(Fig. 1) is used for distillation of formaldehyde formed. The 
flask used is of 50 ml. capacity. 


Reagents 


Periodic acid solution. Periodic acid (0-5 g.) (British 
Drug Houses Ltd.) dissolved in 10 ml. of distilled water is 
used. The solution is stable for some weeks if kept in the 
dark. 

Each batch of periodic acid is assayed by adding an 
excess of glycerol (>12 mg.) to 1 ml. of periodic acid 
solution and standing for 15 min. Dilute acid (5 ml. of 
n-H,SO,) and KI solution (5 ml., 10%, w/v) are then 
added and the I, liberated is titrated with 0-1N-Na,.S,0, 
solution. The titration is repeated with the glycerol omitted. 
A difference in titration values of 1 ml. of 0-1N-Na,S,0, is 
equivalent to 9-6 mg. of periodic acid. 

Propionic acid. Sodium propionate (250 g.) (British 
Drug Houses Ltd.) is dissolved in 200 ml. of water, 20 ml. 
of 2-5n-NaOH added and then KMn0O, solution (about 
10%, w/v) until a purple tinge remains on shaking. The 
mixture is heated to precipitate oxides of manganese and 
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filtered, and water is removed by distillation under 
reduced pressure. Pure H,SO, (about 75 ml.) is added 
cautiously, the mixture being kept cool, until the pH is 1. 
The liquid formed is decanted from the solid Na,SO, and 
distilled with a fractionating column. The liquid distilling 
at 139-141° is propionic acid. A considerable amount of 
acid can be recovered from the Na,SO, and the liquid 
distilling below 139° by extracting with ether, drying with 
anhydrous Na,SO, and again fractionating. The total 
yield is 160-170 g. of propionic acid. 








Fig. 1. Apparatus for the oxidation of 1-MG and the 


distillation of formaldehyde formed. 


A 10% (v/v) solution of propionic acid should give no 
formaldehyde reaction with chromotropic acid (1:8-di- 
hydroxynaphthalene-3:6-disulphonic acid), and formalde- 
hyde diluted in propionic acid solution should give a 
reading identical with a similar dilution in water. 

Stannous chloride solution. SnCl,,2H,O (6 g.) is dissolved 
in N-HCl to 100 ml. The solution is stable for some weeks if 
kept in the dark with a little granulated tin. 

Chromotropic acid. Chromotropic acid (0-1 g.) (British 
Drug Houses Ltd.) is dissolved in 1 ml. of water and 
made up to 50 ml. with 15M-H,SO,. Chromotropie acid 
is kept in the dark and a fresh solution made 
day. 

Standard formaldehyde solutions. Pure formaldehyde is 
prepared by the distillation with acid of resublimed hexa- 
methylenetetramine and standardized by determining the 
amount of I, reduced (MacFadyen, 1945). 


each 
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Method 


Oxidation of monoglyceride. A sample of fat containing 
0-5-2-0 mg. of 1-mono-olein is weighed in a stoppered 
10 ml. flask, CHCl, added to the mark and the flask weighed 
again. Samples (3 ml.) from a pipette, calibrated to deliver 
a known weight of CHCl,, are transferred to a 50 ml. dry 
Kjeldahl flask, 5 ml. of propionic acid and 0-05 ml. of 
periodic acid solution are added and mixed by rotation. The 
flask is allowed to stand for 30 min. The reaction is stopped 
by the addition of 15 ml. of water and 0-5 ml. of SnCl, 
solution. 

Removal of chloroform. The stillhead is inserted and a 
current of air is drawn through cone. H,SO, and soda lime 
and then through the liquid by means of a suction pump 
attached to the outlet of the stillhead. By restricting the 
air inflow the pressure falls until the CHCl, boils and is 
drawn into the pump. When all the CHCl, has been 
removed the pressure falls to about 10 em. Hg. The pressure 
is then allowed to reach atmospheric and the pump dis- 
connected. 

Distillation of formaldehyde. A steam generator (with 
T outlet) is connected to the stillhead by rubber tubing, 
closed by means of a screw clip. The outlet from the still- 
head is connected to the condenser and a receiving flask 
(Fig. 1), graduated at 50 ml. and containing 5 ml. of 
0-1N-H,SO,, is placed with the delivery tip below the 
liquid. 

The distilling fiask is then heated with a micro burner 
and distillation continued until about 5 ml. of liquid 
remains. The side outlet on the steam generator is closed 
and the screw clip opened to allow steam to pass through 
the distilling flask. Direct heating is then discontinued. 
The receiver is lowered as the distillate increases in volume, 
so as to keep the delivery tip just below the surface. When 
the volume of distillate is about 47-48 ml. the receiver is 
lowered and the steam distillation stopped. The distillate is 
made up to 50 ml. and mixed. 

stimation of formaldehyde. A sample of the distillate 
(3 ml.) is added to 5 ml. of chromotropic acid solution in 
a Pyrex tube, mixed thoroughly and placed in a boiling- 
water bath for 30 min. After cooling, 2 ml. of 9m-H,SO, is 
added and the contents mixed. The liquid is transferred to 
a colorimeter tube and read an EEL colorimeter 
(Evans Electroselenium Ltd., Harlow, Essex), filter no. 625 
being used. A reagent blank and two standard formalde- 
hyde solutions are treated concurrently with each batch of 
estimations. Five replicates of each solution are treated 
with chromotropic acid. 


on 


RESULTS 


Estimation of formaldehyde. MacFadyen (1945) 
and Corcoran & Page (1948) both used a spectro- 
photometer to measure the colour produced by 
formaldehyde with chromotropic acid. In the 
present work it was found that the simpler EEL 
colorimeter was satisfactory. Six different formal- 
dehyde solutions (range 2-95-14-3yg.), when 
determined six or more times with each solution, 
gave a straight line passing through the origin 
when the readings were plotted against amount of 
formaldehyde. The slope of the line gave a reading 
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of 6-53/ ug. of formaldehyde (range 6-43—6-65 for the 
6 points). 

The standard deviation (s.p.) of 195 determina- 
tions of a sample containing 4-23 pg. of formalde- 
hyde was 0-41, and of 193 determinations of a 
sample containing 8-46 yg. of formaldehyde was 
0-35. A reading of 0-41 is equivalent to 0-063 yg. 
of formaldehyde and the mean of these replicate 
determinations will have 95 % confidence limits of 
+0-073 pg. of formaldehyde. This figure is one- 
twentieth of the corresponding value with Schry- 
ver’s method for estimating formaldehyde (Dowse 
& Saunders, 1955). 


Table 1. 


ISTIMATION OF 1-MONOGLYCERIDE 
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for 1-MG estimation, and the final readings ob- 
tained were compared with those from similar 
samples which had not been so treated. The 
results are given in Table 1. 

Comparison with the titration method of Pohle & 
Mehlenbacher. The amount of material needed for 
analysis is much less in the present method than in 
that of Pohle & Mehlenbacher (1950). The latter 
needs samples containing 17-8 mg. of 1-mono-olein 
to give a titration difference of 1 ml. of 0-1N- 
Na,S,0,, whereas the method reported here needs 
only 1 mg. of 1-mono-olein to give a reading of 33 
on the colorimeter, and there is a large amount of 


Recovery of formaldehyde 


Colorimeter readings (mean of 5-+-s.p.) 








Formaldehyde 


(ug-) Untreated 
49-6 19-8 +0-27 
97-8 39-040 

120-6 48-1+ 0-42 

170 67-8 +0-84 

195 77-8 +0-°84 


Distillation. Corcoran & Page (1948) obtained 
complete recovery of formaldehyde by distilling 
10 ml. of solution until 1 ml. remained. We have 
found that reducing 20-5 ml. to about 4 ml. gave 
uncertain recoveries, but that completing the 
distillation with steam did give complete recovery. 
Further steam distillation, continued until a 
second 50 ml. of distillate had been collected, gave 
no more formaldehyde. 

All previous workers have used acetic acid as 
reaction medium. We found that the samples 
available to us contained up to 50 yg. of formalde- 
This could be diminished to about 

by refluxing with dichromate. The 
when the acid was 


hyde/ml. 
0:5 wg./ml. 
value increased, ‘however, 
stored for a week. 

With propionic 
ference with chromotropic acid, whereas others 
increased or decreased the amount of colour given 
by formaldehyde. Treatment with permanganate, 
as described above, uniformly gave samples of 
propionic acid which neither increased nor de- 
creased the colour given by formaldehyde and 


acid one sample gave no inter- 


chromotropie acid. 


Complete method 


Recovery of formaldehyde. Standard solutions of 
formaldehyde were subjected to the whole process 


Treated as for 


1-MG determination Recovery 


(duplicate distillations) (%) 
19-8 +.0-27 100 
20-1 + 0-25 101 
39-1 + 0-35 100 
39-2 +0-27 101 
47-8+0-32 99 
47-7+0-32 99 
66-8 + 0-84 99 
67-0+ 1-22 99 
77-8+0-45 100 
78-0+0-71 100 


distillate for checking the formaldehyde concentra- 
tion if necessary. : 

Twenty-seven different specimens of fat, ex- 
tracted from the intestinal contents of dogs which 
had been fed with olive oil, were analysed by both 
methods. The intestinal contents were acidified 
with acetic acid, ethanol was added and the fat 
extracted with ether. The ether was thoroughly 
washed with water and the acetic acid removed by 
distillation under reduced pressure in an atmos- 
phere of nitrogen. In all cases the formaldehyde 
method gave lower values. The range of concentra- 
tion by the formaldehyde method was 3-2—16-5 g. of 
1-MG/100 g. of fat, the values by the titration 
method being 2-0—14-4 g./100 g. higher. There was 
no relationship between the values by the two 
methods. For example, while one specimen con- 
taining 3-2 g. of 1-MG/100 g. of fat by the formalde- 
hyde method gave nearly five times as much 
(15-4 g./100 g.) by the titration method, another 
sample containing 16-5 g. of 1-MG/100g. of fat 
gave 19-6 g./100 g. by the titration method. 

Table 2 gives some values obtained with fats 
analysed by the two methods with varying times of 
oxidation by periodic acid. The figures indicate 
that with the titration method values obtained 
with unsaturated fats increase with increasing 
time of oxidation and that the effect is obtained 
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Table 2. 
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Apparent 1-MG content of fats 


Method 1, Pohle & Mehlenbacher (1950). Method 2, this paper. 


1-MG (g./100 g.) after oxidation by periodic acid for (hr.) 


0-17 


Fat Method 

Digested olive oil A* I 16-9 

Fatty acid from above ] 0-6 

Stearic acid (purified) 1 0-0 

Digested olive oil B* ] 7-2 
2 3°22 

Olive oil l 1-9 
2 ze: 

Linseed oil ] 1-6 
2 gee 

Cod-liver oil l 3°3 
2 

Commercial ‘stearin’ 1 25-6 
» 


0-5 1-0 1-5 20-24 
21-0 — 26-2 (36-1)+ 
4:3 —- 9-0 15:1 
0-0 — 0-0 0-0 

8-9 9-8 10-5 - 
4-08 4-03 4-04 ad 
2-5 = 3-5 — 
0-00 _ 0-00 — 
1-6 2-2 2-8 (40-0)+ 
0-17 — 0-17 - 
3:3 _— 3-9 - 
0-15 — 0-14 ~ 
30-3 31-5 30-9 - 
28-1 28-9 28-8 - 


* Digested olive oil means fat which had been extracted from the intestinal contents of dogs which had been fed on 


olive oil. 


+ These values indicate that some iodic acid has been reduced, as well as all the periodic acid. 


with fatty acid which contains no 1-MG. The 
present method gives consistent values for un- 
saturated fats containing 1-MG at oxidation times 
of 0-5-1-5 hr., and indicates no 1-MG in olive oil 
and only traces in linseed and cod-liver oils. 


DISCUSSION 


We have acted on the hypothesis that the increase 
in the values for 1-MG obtained by the titration 
method as the time of oxidation was extended was 
due to slow reduction of periodic acid by partly 
oxidized double bonds in the fatty acid part of the 
molecule, as suggested by Borgstrém (1954) for his 
lead tetraacetate method. Our results appear to 
support this idea, although it is surprising that the 
titration method gave similar apparent values with 
olive, linseed and cod-liver whose iodine 
values are 79-88, 175-202 and 137-166 respectively 
(International Critical Tables, 1927). 

The olive oil fed to the dogs contained no 1-MG 
according to our method, but 2-5 g./100 g. according 
to the titration method. With all the intestinal fat 
specimens but the difference between the 
values obtained by the two methods was greater 
than 2-5 g./100g. This greater difference is pre- 
sumably due to double-bond oxidation during the 
process of extraction. 

The commercial stearin sample (Table 2) gave 
lower values by the formaldehyde method than by 
the titration method. This may be due to incom- 
pletely saturated impurities in the ‘stearin’. 


oils, 


one, 


SUMMARY 


1. A method for the estimation of 1-mono- 
glyceride, based on the estimation of formaldehyde 
formed during periodic acid oxidation of 1-mono- 
glyceride, is described. 

2. The method eliminates uncertainties which 
arise in the titration method of Pohle & Mehlen- 
bacher (1950) when used with unsaturated fats. 


This work was done while the authors were in receipt of 
a grant from the Medical Research Council. We are grateful 
to Mrs I. Wilkinson for technical assistance. 
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The Composition of the Spore Coats of Bacillus megatherium, 
B. subtilis and B. cereus 


By R. E. 


STRANGE anp F. A. 


DARK 


Microbiological Research Department (Ministry of Supply), Porton, Wiltshire 


(Received 5 May 1955) 


A peptide containing glutamic acid, alanine, «e- 
diaminopimelic acid and hexosamine was found to 
be present in exudates from germinating spores and 
from disintegrated resting spores 


' (Powell & Strange, 1953; Strange & Powell, 1954). 


+ 


~ 


It was suggested that the peptide might be derived 
from the spore coat when this underwent a change 
in permeability during germination or was damaged 
mechanically. In the present study of the chemical 
composition of spore coats, these were obtained by 
mechanical disintegration, a method which has 
been used by a number of workers to obtain 
bacterial cell walls (Salton & Horne, 1951; Salton, 
1953; Cummins, 1954). There seemed little hope of 
demonstrating the presence of the peptide in the 
coat of the resting spore by this method, as the 
peptide appeared to be so readily freed during 
disintegration. It was found, however, that spore- 
coat preparations of Bacillus megatherium still 
contained considerable amounts, and B. subtilis 
smaller amounts, of bound hexosamine which was 
slowly released in the form of the peptide pre- 
viously isolated. This process and the effect of 
various enzymes on it are described. A similarity 
was found between the effect of lysozyme on spore 
peptide and lysozyme substrate, which is a muco- 
polysaccharide considered to exist within certain 
bacterial cell walls as an insoluble complex (Meyer, 
Palmer, Thompson & Khorazo, 1936; Epstein & 
Chain, 1940; Meyer & Hahnel, 1946; Salton, 1952), 
and this is also described. 


MATERIALS AND METHODS 


Spore suspensions of B. megatherium, B. subtilis and B 
cereus were prepared as previously described (Powell & 
Strange, 1953; Strange & Powell, 1954). 

Germinated spores of B. megatherium were obtained by 
heating resting-spore suspensions for 2 hr. at 60° and 
allowing them to germinate spontaneously in distilled 
water (Powell, 1951). They were freed from exudate by 
centrifuging and washing with distilled water. 

Crude alkaline phosphatase. This was prepared from calf- 
intestine mucosa as described by Schmidt & Thannhauser 
(1943), but was not treated with activated alumina. The 
substrate was suspended in 0-02M-veronal/sodium veronal 
buffer, pH 9-3, containing 50-100 units of enzyme/ml.. 
final concentration. 


Crystalline lysozyme. This was kindly supplied by Dr D. 
Herbert, who had prepared it according to the method of 
Alderton & Fevold (1946). The substrate was usually sus- 
pended in 1:10 Mellvaine’s buffer at pH 5-3 containing 
40 yg. of enzyme/ml., and 0-4% (w/v) NaCl, final con- 
centration. 

Crude lipase. This was obtained from pig pancreas as an 
acetone-dried powder (Willstaétter & Waldschmidt-Leitz, 
1923). The substrate was suspended in 0-02M-NH,/NH,Cl 
solution, pH 8-9, containing 0-25-1 mg. of crude enzyme 
ml., final concentration. 

Crude papain. This was obtained from Baird and Tatlock 
(London) Ltd. The substrate was suspended in 0-02 
phosphate buffer, pH 7-6, containing the equivalent of 
1 mg. of water-soluble extract of crude enzyme/ml., final 
concentration. 

Crude ficin. This was obtained from L. Light and Co. 
Colnbrook, Bucks. The substrate was suspended in 0-02M 
acetate buffer, pH 4-5, containing 1 mg. of enzyme/ml., 
final concentration. 

Pepsin. Twice-crystallized pepsin was obtained from 
L. Light and Co. The substrate was suspended in 0-01 N- 
HCl containing 250 ug. of enzyme/ml., final concentration. 

Trypsin. ‘Tryptar’ brand from Armour Laboratories, 
Chicago, U.S.A., was used. The substrate was suspended in 
0-02m-NaHCO,, pH 9-2, containing 20g. of enzyme/ml., 
final concentration. 

Incubation conditions are given in the Results section. 

Preparation of spore coats. Spore suspensions containing 
about 10 spores/ml. were disintegrated in a Mickle (1948) 
tissue disintegrator with Ballotini beads, size 12. ‘Capryl 
aleohol’ (Hopkin and Williams Ltd.) (three drops) was 
added to each vessel and disintegration time was controlled 
by the examination of stained films at suitable intervals. 
The process was stopped when practically no intact spores 
remained, but before the coats had been broken up into 
unidentifiable fragments. This time, 15-30 min., varied for 
different spores. The resulting suspension was centrifuged 
in an angle centrifuge at 1400g for 15 min. The cloudy 
supernatant liquid was removed and the deposit washed by 
centrifuging at room temperature with mM-NaHCO, (3 x ), 
H,O (2 x), N-HCl (3 x) and H,O (3 x). The washing pro- 
cedure was designed to extract material adhering to the 
coats, and for this purpose it was carried out over as wide 
a pH range as possible without damaging their appearance. 
It was found that strong alkali caused them to become 
gelatinous, so sodium bicarbonate solution was used on the 
alkaline side. The washed material was dried over H,SO, in 
a vacuum desiccator. Yields of dried spore-coat material, 
expressed as percentage of dried weight of spores, were 
about 35 for B. subtilis, 22 for B. megatherium and 26 for 


B. cereus. 
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Preparation of lysozyme substrate from Micrococcus 
lysodeikticus. Acetone-dried cells of M. lysodeikticus were 
extracted with 0-5n-NaOH at room temperature, as 
described by Meyer & Hahnel (1946). The crude mucopoly- 
saccharide fraction obtained contained 19 % of hexosamine 
(as glucosamine) and gave a positive Molisch reaction. 

Preparation of B. megatherium spore-exudate peptide. 
This was prepared as described by Strange & Powell 
(1954). 

Total nitrogen was estimated by the micro-Kjeldahl 
method, with the catalyst of Chibnall, Rees & Williams 
(1943); «-amino nitrogen by the ninhydrin—CO, technique 
of Van Slyke, Dillon, MacFadyen & Hamilton (1941); 
hexosamine by the method of Elson & Morgan (1933) with 
the modification of Immers & Vasseur (1950); acetylhexos- 
amine by the method of Morgan & Elson (1934); total 
phosphorus by the method of King (1932); total carbohydrate 
(excluding hexosamine) by the method of Sorenson & 
Haugaard (1933); reducing power by the method of 
Hagedorn & Jensen (1923), and deoxyribose by the method 
of Morse & Carter (1949). Amino acids and amino sugars 
were detected by paper chromatography (Consden, Gordon 
& Martin, 1944). 

Lipid content. Spore coats (40-50 mg.) were’*hydrolysed 
with 6-5N-HCl in sealed tubes for 2 hr. and the hydrolysates 
extracted with ether as described for bacterial cell walls by 
Salton (1953). 

Electron microscopy. Spore-coat preparations were 
examined and photographed by Mr W. F. Harris of the 
Chemical Defence Experimental Establishment, Porton, 
Siemens apparatus with an accelerating voltage of 50 kv 
being used. 


RESULTS 


To demonstrate that the preparations used con- 
sisted essentially of integuments, electron micro- 
graphs of the spore coats of B. subtilis, B. mega- 
therium and B. cereus are shown in Figs. 1-4. 
Differences in texture and mode of rupture are 
apparent. The coats of resting B. megatherium 
spores (Fig. 3) appear much more opaque and rough 
than those of the germinated forms (Fig. 4). In 
Fig. 4 it can also be seen that the spore coat of B. 
megatherium has two layers, as shown by Robinow 
(1953). 





. Electron micrograph of B. subtilis spore coats. 
Magnification, x 8000. 
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Analyses of the spore coats of B. megatherium, 


B. subtilis and B. cereus 


Spore coats of the three organisms gave strong 
positive biuret and positive Molisch reactions. 
Table 1 shows the results of analyses of spore coats. 
a-Amino acid nitrogen and hexosamine were 





Fig. 2. Electron micrograph of B. cereus spore coats 
shadowed with gold—palladium alloy. Magnification, } 
x 8000. 





Fig. 3. Electron micrograph of B. megatherium spore coats 4 
shadowed with gold—palladium alloy. Magnification, 
x 8000. 





Fig. 4. Electron micrograph of coats of B. megatherium 
pre-vegetative forms shadowed with gold—palladium 
alloy. Magnification, x 8000. 
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estimated after hydrolysis with 6-5N-HCI for 18 hr. 
at 106° in sealed tubes. The results for hexosamine 
/are reported in terms of glucosamine and were 


The amount of lipid found in acid-hydrolysed 
spore coats was small. With B. subtilis, whole 
spores were investigated with regard to the possi- 


n, 4 


‘ong | obtained by measurement of the Elson & Morgan bility that an outer layer of lipid was present which 
ons. | eolour at 530 myp., which is the optimum for the was lost on disintegration. Dried, viable, resting 
ats. known amino sugars. Measurements were also spores were extracted successively for several hours 
vere made at 520my., which is the optimum for the with ethanol and ether in a Soxhlet apparatus. On 

— \ unidentified amino sugar present in the spore drying the combined extracts under reduced 


peptides (Strange & Powell, 1954). The value for 
—log 7T'330 »,,,/ —log T's20 m,,.s Where T' represents the 
530 my. 520 my. 


Table 1. 


pressure, an insignificant residue remained. The 
spores remained viable. 


Composition of spore coats of B. megatherium, B. subtilis and B. cereus (g./100 q.) 


Source of coats 





in - ee _— — - a 
iB. megatherium B. megatherium B. subtilis B. cereus 
4 resting spores pre-vegetative forms resting spores resting spores 

Total nitrogen 12-8 13-4 13-1 13-2 
a-Amino-N (ninhydrin—CO,) 5-6 6-3 8-2 9-5 
Hexosamine 10-15 (0-98)* 8-10 (0-97) 1—2 (0-96) 2-3 (1-07) 
Total P 0-3 0-4 1-6 1-2 
Total carbohydrate as glucose 1-0 0-8 1-4 + 
Sulphated ash 1-4 1-0 2-8 2-8 

‘iia Lipid (after acid hydrolysis) - 0-95 1-1 0-9 

ion, * Figures in parentheses give the value —log 7'539 my./ — log 7'520 mu. Of the Elson & Morgan colour. 
percentage transmission, is given in Table 1 and is Release of hexosumine-containing peptiile from 
to be compared with that of glucosamine, which is wore coats of B. megatheri 

| 1:08 and 0-9 for the purest sample of the unidenti- eee lila 

fied amino sugar so far obtained. It appeared that It was observed that when coats of resting or 
B. megatherium and B. subtilis spore coats con- germinated spores of B. megatherium were left 
tained both glucosamine and the unidentified suspended in distilled water, soluble hexosamine- 

| amino sugar, whereas B. cereus spore coats con- containing material was released. The hexosamine 
tained glucosamine only. Although the total nitrogen was liberated from this material by hydrolysis with 
content was similar in all the spore-coat prepara- 6N-HCl. From these suspensions a non-dialysable 
tions examined, «-amino acid nitrogen was lower peptide was isolated in the same way as from spore 
and hexosamine nitrugen higher in those from B. extracts (Strange & Powell, 1954), and after acid 
megatherium than in the other two organisms. In hydrolysis it was found to contain glucosamine, the 
no case was all the nitrogen of spore coats ac- unidentified amino sugar, alanine, glutamic acid, 
counted for as «-amino and hexosamine. Spore «e-diaminopimelic acid and acetic acid. A similar 

ts 4 coats were examined for the presence of nucleic further release of peptide occurred when intact 

yn, acids as follows: a sample (20-100 mg.) was treated germinated spores of B. megatherium were sus- 
with 5 ml. of 5% trichloracetic acid for 15min. at pended in water. The rate of release of peptide 
90° (Schneider, 1945) and the suspension centri- from spore coats depended on the pH of the sus- 
fuged. The supernatant fluid was removed and the pending medium. Thus, weighed amounts (10 mg.) 
deposit treated with a further 5ml. of 5% tri- of dried B. megatherium germinated spore coats 
chloroacetic acid as before. The combined super- were suspended in 1 ml. volumes of 0-01N-HCl 
natant fluids were filtered through sintered glass and various 0-02m buffers up to pH 10-9. The 
(5/3) and examined for ultraviolet light absorption suspensions were incubated in stoppered tubes at 
and deoxyribose content. Compared with a 37° for 40hr. and centrifuged. The supernatant 
standard of sperm deoxyribose nucleic acid (DNA) fluid was removed and the deposit washed twice 
the amount of nucleic acid present in extracts of B. with small volumes of water. The supernatant 
megatherium and B. subtilis coats was equivalent to fluids and washings were dried at 80° and hydro- 
less than 0-5 %, and, for B. cereus, less than 1% of lysed in sealed tubes with 6-5N-HCl at 106° for 
the weight of material used. After acid hydrolysis, 18 hr. Hexosamine was determined in the hydro- 

+ followed by paper chromatography, most of the lysates after neutralization and the results are 

common amino acids were found in all the prepara- given in Table 2. Maximum liberation of peptide 

m tions. In addition, B. megatherium coats contained occurred at pH 5-0-8-0. 

m considerable amounts of glucosamine, the un- Liberation of peptide at pH 7-0 was unaffected 
identified amino sugar and we-diaminopimelic acid. by the presence of chloroform, mm-NaCN or 

\ 
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24mm-NaF. When the spore-coat preparations 
were heated at 100° for 30 min. in distilled water 
and then suspended in buffer at pH 7, liberation of 
hexosamine-containing material still occurred, but 
in reduced amount. 

Spontaneous release of peptide did not appear to 
be due to slow leaching out of material from inside 
the spore coats. When these were further disinte- 
grated into small, unidentifiable fragments, then 
washed and suspended in buffer, peptide was 
released in the same way. 
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and to a small extent with trypsin, pepsin and 
‘ 


lipase (Table 3). As the amount of peptide associ- 
ated with B. megatherium spore coats is consider- 
ably greater than with B. subtilis, values for 
liberated hexosamine for B. megatherium are 
higher throughout the series. The results with B. 
cereus coats showed that only very small amounts 
of peptide were liberated but that some enzymes 
increased the rate of liberation slightly. As spore 
coats gave a positive biuret reaction the effect of 
trypsin in higher concentration and at lower pH 


Table 2. Spontaneous liberation of combined hexosamine from spore coats of B. megatherium suspended in 
solutions at various pH. values and incubated for 40 hr. at 37°. Results expressed as yg. of glucosamine 


10 mg. dry wt. of spore coats 
2-2 


3-05 
2% 30 


pH* 


Hexosamine in supernatant (yg.) 


4-0 
39 


5-0 
53 


6-95 


69 


8-8 
40 


10-0 
15 


11-0 
17 


7-95 


61 


* (-02M buffers used except at pH 2-2 (0-01 N-HC)l). 


Table 3. 


Liberation of combined hexosamine from spore coats on incubation with enzymes for 48 hr. at 37 


Results expressed as yg. of hexosamine/10 mg. dry wt. of spore coats. 


4-5 


Ficus extract 


Test Control Diff. 


pH* oi see Sue 7-6 
Enzyme ae Papaya extract 
Source of coats Test Control Diff. 

B. megatherium 342 108 234 124 

pre-vegetative forms 

B. subtilis resting spores 66 10 56 37 

B. cereus resting spores 10 4 6 Is 
pH* 9-2 
Enzyme Trypsin 


Test Control Diff. 


Source of coats 


B. megatherium 100 82 18 
pre-vegetative forms 

B. subtilis resting spores 25 9 16 
B. cereus resting spores 8 5 3 


* 0-02 buffers used except with 


Effect of enzymes on the liberation of 
peptide from spore coats 


For these 
amounts of dried spore coats were suspended in 
1 ml. of buffers of appropriate pH values (Table 3) 
and enzyme was added to one of them. After 
for 48 hr. the suspensions were 


experiments, duplicate weighed 


incubation at 37 
centrifuged, the supernatant fluids and washings 
dried at 80° and analysed for hexosamine content. 
No significant amount of hexosamine was found in 
acid hydrolysates of any of the enzymes them- 
selves at the concentrations used. With B. mega- 
and B. subtilis coats there 
liberation of 


thertum spore was 


increased hexosamine-containing 


material during treatment with lysozyme, Papaya 
extract, Ficus extract and alkaline phosphatase 


9-3 
Alkaline phosphatase 


5:3 


Lysozyme 


Test Control Diff. Test Control Diff. 


39 85 236 47 189 164 51 113 
6 31 46 21 25 43 8 35 
4 14 - 34 12 22 

2] 8-9 
Pepsin Lipase 
Test Control Diff. Test Control Diff. 
87 88 0 97 oS 39 
18 5 13 7 5 2 
22 5 17 


pepsin (0-01 N-HC\). 


was studied. coats of B. megatherium 
(10 mg.) were suspended in 1 ml. of 1:4 Mellvaine’s 
buffer (pH 8-0) containing 50yg. of trypsin for 
24 hr. at 37°. The suspension was centrifuged and 
the deposit treated with 1 ml. of buffer + enzyme 
as before. The process was repeated, giving a total 
treatment period of 72 hr. The difference between 
the hexosamine content of the combined super- 
natants and that found in control without enzyme 
was 26 yg. A control solution of buffer and enzyme 
retained activity for 72 hr., as shown by its rapid 
effect on a gelatin film. After thorough washing 
with distilled water, the 
strong positive biuret reaction and their micro- 
scopic appearance was found to be little changed. 


Spore 


treated coats gave a 


The progressive effect of lysozyme on the libera- 
tion of combined hexosamine from B. megatherium 
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resting-spore walls was shown by the following 
experiment. Duplicate amounts (30 mg.) of coats 
were suspended in Iml. of 1:10 Mellvaine’s 
buffer (pH 5-3), and 60 yg. of lysozyme was added 
to one. Both suspensions were incubated at 37° for 
24 hr. and centrifuged. The supernatant fluid was 
removed and replaced with fresh buffer and enzyme 
as before. This process was repeated over a period 
of 10 days and the supernatants were dried at 80°. 
Analyses of these (for hexosamine) after acid 
hydrolysis showed that the liberation of hexos- 
amine-cgntaining material was speeded up by 
lysozyme (Fig. 5), but the total amount of hexos- 
amine liberated was very similar in each case (with 


1000 
900 
800 B 
700 


glucosamine 


o 


600 
500 
400 
300 


200 
100 


fg. of hexosamine as 


CT Cee cere 
Incubation time (days) 


10 


Fig. 5. Rate of liberation of combined hexosamine from 
30mg. of B. megatherium spore coats: A, in 0-02M 
phosphate/citric acid buffer, pH 5-3; B, in buffer + 
lysozyme (60 yg.). 


lysozyme, 1-86 mg.; control, 1-96 mg.). Thus about 
two-thirds of the hexosamine initially present in 
the coats was liberated as a soluble complex in each 
case. 
Effect of lysozyme on spore peptide 

Because lysozyme increased the rate of libera- 
tion of combined hexosamine from spore walls, its 
effect 
megatherium spore-exudate peptide was used, the 


on spore peptide was studied. When B. 


following results were obtained: 
A 0-25% (w/v) solution of 
for 


Reducing power. 
peptide in 0-9% saline was incubated at 37 
2hr., together with a similar solution containing 
lysozyine (0-1 mg./ml.). Reducing power expressed 
as glucose of the lysozyme treated solution in- 
creased by 2-7 %. 

For estimation of combined 


Acetylhexosamine. 
acetylhexosamine, the optimum time of heating 
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the solution of the material with Na,CO, has to be 
found (Aminoff, Morgan & Watkins, 1952). For 
solutions of spore peptide this was 15 min. On the 
solutions used for reducing-power estimation, 
acetylhexosamine was nil before and 0-9% after 
treatment with lysozyme (as acetylglucosamine). 

Diffusion through cellophan. B. megatherium 
spore-exudate peptide has an average molecular 
weight of 15300 (Record & Grinstead, 1954), and 
when solutions of it are dialysed in cellophan sacs 
little diffuses through. A 4% (w/v) solution in 
1:10 MelIlvaine’s buffer containing 0-4% (w/v) 
NaCl, of pH 5-3, was treated with lysozyme 
(1-0 mg./ml.) for 24 hr. at 37°. Fresh lysozyme was 
added (0-5 mg./ml.) and the solution incubated for 
a further 24hr. A similar solution of peptide 
without lysozyme was incubated for the same 
period. The two solutions were transferred to 
cellophan sacs and dialysed against several changes 
of distilled water for 3 days at 2°. After freeze- 
drying it was found that 90% of the control 
material had remained in the sac, whereas only 
54% of that treated with lysozyme was recovered. 
Sedimentation coefficients of these materials in 
a Spinco analytical ultracentrifuge were 1-18 and 
0-77 Svedberg units respectively. 

Viscosity measurements. A 1% (w/v) solution of 
peptide was incubated for 2hr. at 37° with 
lysozyme (0-1mg./ml.) with a _ similar 
solution without enzyme. Fiow times in a micro- 
viscosimeter (Ostwald) of the control and test in 
a water bath at 25° were 176 and 157 sec. re- 
spectively. That of 0-9 % saline containing lysozyme 
(0-1 mg./mi.) was 137 sec. 


control 


Similarity between the aminopolysaccharide 
present in M. lysodeikticus and spore peptide 

The ernde lysozyme substrate prepared from M. 
lysodeikticus by us contained less hexosamine than 
that prepared by Meyer & Hahnel (1946) and was 
relatively insoluble in slightly acid solutions. On 
acid hydrolysis, followed by paper chromatography, 
it was found to contain relatively large amounts 
of glutamic acid, alanine, lysine, glucosamine and 
an unidentified amino sugar. The last substance 
behaved in a manner identical with that present 
in spore peptide, i.e. it occupied a similar position 
on phenol/collidine chromatograms, on which it 
reacted with ninhydrin, ammoniacal AgNO, and 
Partridge’s (1948) modification of the Elson & 
Morgan reagent and on ascending paper chromato- 
graphy, tert.-butanol:6N-HCl: water (60:1:29 by 
vol.) being used as solvent. No xe-diaminopimelic 
acid was detected. 

The incredses in reducing power and in acetyl- 
hexosamine after treatment of this material with 
lysozyme under the conditions described for spore 
peptide were 6-7 and 2-4% respectively. 
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DISCUSSION 


The preparations studied in this investigation 
appeared to consist essentially of spore integu- 
ments as far as could be judged by electron- 
microscope examination. It appeared at least 
possible with B. subtilis and B. megatherium that 
the hexosamine-containing peptide was associated 
with the spore coat. With B. cereus, it seemed that 
the peptide was readily and completely released 
during disintegration. The breakdown of an in- 
soluble peptide complex either by depolymerization 
or detachment from some other constituent of the 
spore coat may well be one of the first steps of the 
germination process, preceded perhaps by activa- 
tion of an enzyme system with an action similar to 
that of lysozyme (see below). 

It is interesting to compare the composition of 
the spore peptide with that of the cell-wall con- 
stituent of Corynebacterium diphtheriae isolated by 
Cummins & Harris (1954). This material also con- 
tained glutamic acid, alanine, we-diaminopimelic 
acid, glucosamine and an unidentified sugar amine 
with similar properties to those of the unidentified 
constituent of the spore peptide. 

The microscopic appearance of the spore-coat 
preparations was unaffected by the action of the 
enzymes tested, but lysozyme, Papaya extract, 
Ficus extract and alkaline phosphatase increased 
the rate of liberation of hexosamine-containing 
material. The crude preparations of ficin and papain 
almost certainly contained some lysozyme (Meyer, 
Hahnel & Steinberg, 1946), and it is possible that 
some was present in the alkaline-phosphatase 
preparation (Goldsworthy & Florey, 1930). It is 
most likely, therefore, that the release of hexos- 
amine—amino acid complex was due not to the 
splitting of peptide bonds by proteinases in the 
crude extracts but to the action of lysozyme. This 
is supported by the finding that trypsin, which may 
or may not be a pure enzyme, and pepsin had little 
or no effect compared with lysozyme. It was inter- 
esting to find that lysozyme did not attack resting 
spores, suggesting that the peptide substrate was 
either not present at the surface or that it was 
present in some resistant form which became sus- 
ceptible to attack during germination or dis- 
integration. 

The action of lysozyme on spore-coat prepara- 
tions led us to consider the possibility of a similarity 
between lysozyme substrate isolated from Micro- 
coccus lysodeikticus (Epstein & Chain, 1940; 
Meyer & Hahnel, 1946) and the spore peptide. 
Salton (1952) concluded that the cell walls of M. 
lysodeikticus consisted of a highly polymerized 
mucopolysaccharide which was the lysozyme 
substrate, but we used instead the method of 
Meyer & Hahnel for extracting substrate from whole 
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organisms in an attempt to obtain a water-soluble 
material more analogous to the spore peptide. The 
authors mentioned, and Salton (1954), have shown 
that the action of lysozyme on the substrate was to 
increase reducing power, decrease viscosity and 
liberate groups reacting as acetylhexosamine, and 
similar results were obtained with spore peptide 
Although the substrate from M. lysodeikticus was 
impure, its composition as revealed by paper 
chromatography showed some striking similarities 
to that of the spore peptide. Thus it contained 
relatively large amounts of the same constituents 
with the exception of «ae-diaminopimelic acid 
which would appear to be replaced by lysine. 
Epstein & Chain (1940) reported that 46 % of their 
material was dialysable after treatment with 
lysozyme, and it is interesting to note that a 
similar result was obtained with the spore peptide. 
Since the latter consisted of one component 
according to available physical criteria, it must be 
assumed that the action of lysozyme ceases after 
the molecules of peptide are reduced to a certain 
size. This is in agreement with the findings of 
Salton (1954), who showed that the action of 
lysozyme on the isolated cell walls of certain 
lysozyme-sensitive bacteria was to liberate material 
of which the major component had a molecular 
weight of between 10 000 and 20 000. 
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SUMMARY 


1. Coats isolated from spores of Bacillus mega- 
therium and Bacillus subtilis after mechanical 
disintegration contain an insoluble hexosamine 
complex of characteristic composition. Traces of 
this complex are found in Bacillus cereus spore 
coats. 

2. This complex is liberated in a soluble form 
when spore coats are suspended in distilled water 
or buffer solutions, maximum liberation occurring 
between pH 5-0 and 8-0. 

3. Lysozyme accelerates the rate of liberation of 
the complex but then it is in a modified form. 

4. The composition of the complex is similar to 
that of the mucopolysaccharide present in cells of 
Micrococcus lysodeikticus. 


We wish to thank Mrs J. F. Powell for much helpful 
advice during this investigation, Mr W. F. Harris for 
electron microscopy, Dr B. R. Record for ultracentrifuge 
analysis and Mr A. G. Ness for some analyses. 
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The Effect of Magnesium and Calcium Ions on 
Adenosine Triphosphatase in the Nervous 
and Vascular Tissues of the Brain 


By D. NAIDOO anp O. E. PRATT 
Institute of Psychiatry, University of London, Maudsley Hospital, London, S.E. 5 : 


(Received 6 June 1955) 


During the course of histochemical work on the 
distribution of adenosine triphosphatase in brain 
tissue, it has been found that the enzyme is present 
in both the vascular and the nervous elements 
(Naidoo & Pratt, 1951). It is therefore considered 
valuable, in the study of properties of brain adeno- 
sine triphosphatase, to take account of the existence 
of the enzyme in tissues of widely different embryo- 
logical origins within the same organ. Since the 
brain is well supplied with blood vessels, the pro- 
portion of mesodermal tissue is substantial. 

A detailed study of brain-adenosine triphos- 
phatase activity was made by Gore (1951). Enzyme 


activity showed two maxima with variation of 


pH—one at pH 7-4 and the other at pH 8-2. The 
enzyme was activated by magnesium but inhibited 
by calcium ions. There is some variation in the 
properties ascribed to the enzyme by different 
workers. In previous histochemical work optimum 


, activity has been found at a lower pH, 6-5 (Naidoo 


& Pratt, 1951). Some workers report activation 
of brain adenosine triphosphatase by magnesium 
ions, with inhibition or no activation by calcium 
ions (Epelbaum, Sheves & Kobylin, 1949; Gordon, 


30 


1950, 1953; Lowry, Roberts, Wu, Hixon & 
Crawford, 1954; Cseh, Hermann & Zombori, 
1954). On the other hand, the enzyme has been 
reported as activated by calcium ions (DuBois & 
Potter, 1943; Feldberg & Mann, 1945). The work of 
Gore (1951) suggests that there are adenosine 
triphosphatase fractions in brain which differ in 
solubility in various aqueous media. According to 
Lowry et al. (1954) brain adenosine triphosphatase 
releases only the terminal phosphate group and is 
inhibited by adenosine diphosphate. 

The purpose of the present work is to investigate 
the extent to which the properties of adenosine 
triphosphatase are likely to depend on the cyto- 
logical origin of the enzyme, and whether there is 
any evidence to suggest that some of the incon- 
sistencies in the reported properties of the enzyme 
are in fact due to its origin from both the vascular 
and the nervous tissue. This paper reports a study, 
by histological and by quantitative methods, of the 
comparative effect of magnesium and calcium ions 
on the enzyme of the vessels, on the one hand, 
and on that of the nerve and glial cells, on the 
other. 
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EXPERIMENTAL 


Normal adult male and virgin female Wistar laboratory- 
bred rats, aged 100-120 days, weighing 180-230 g., were 
used. The animals were fed on a commercial rat diet 
(no. 41; Associated Flour Millers, London) in unrestricted 
quantity, and were housed in a room with controlled 
heating at 22°. 

The adenosine triphosphate (ATP) was either the chro- 
matographed sodium salt (Sigma Chemical Co., St Louis, 
Mo.) or the barium salt (Boots Pure Drug Co. Ltd., 
Nottingham) reprecipitated as previously described (Pratt, 
1954). 

Histochemical. Frozen-dried paraffin sections from one 
hemisphere were prepared and processed according to the 
procedure previously described (Naidoo & Pratt, 1951, 
1952, 1954). The other hemisphere was used for quanti- 
tative work. The composition of the medium for incubating 
50mm sodium succinate; 0-5mm_ lead 
ATP; with or without 5mm-MgCl, or 


was: 
2 mM 


sections 
acetate ; 
-CaCl,. 

Quantitative method. Blood vessels were separated from 
the nervous tissue of the hemisphere by microdissection 
and by maceration working at 5°. Microdissection was 
carried out by means of a Singer geodetic stereoscopic 
micromanipulator. Maceration was effected by the slow 
application of pressure to the hemisphere placed between 
two 3in.x3in. pieces of plate glass. The glasses were 
separated, the position of the flattened brain was altered 
and the pressure reapplied. This process was repeated 
several times. The tissue was diluted in 0-9% NaCl solution 
and the suspension shaken. Clumps of vessels were re- 
moved on a small Pt wire hook, drained on a glass surface, 
weighed and ground in a small measured volume of 0-9% 
NaCl. About 10-15 mg. of vascular tissue was separated 
from a brain weighing 0-8—1-2 g. This fraction was regarded 
as ‘mesodermal’. An ‘ectodermal’ fraction was obtained by 
filtering the macerated brain through three layers of 
surgical gauze prepared by washing in 5n-HCl, followed by 
distilled water. The filtrate, representing the ‘ectodermal’ 
fraction, was weighed and ground in a measured volume of 
0-9% NaCl. Samples from the separated ‘mesodermal’ and 
‘ectodermal’ fractions were examined microscopically in 
smear preparations fixed in Schaudin fixative and stained 


with haematoxylin and eosin. Only a small proportion of 


vessels were still present in the ‘ectodermal’ fraction, and 
similarly only a little brain tissue was found in the ‘meso- 
dermal’ sample. 

The suspension was added to the following medium at 
0°: 0-1 glycylglycine, pH 7-4; 2 mm ATP. The fresh tissue 
dilution was 1-5 mg./ml. for the ‘ectodermal’ and 0-33 mg./ 
ml. for the ‘mesodermal’ fraction. Portions were pipetted 
at 30 sec. intervals into glass-stoppered tubes, which were 
previously placed in the thermostat both at 37° and con- 
tained the MgCl, or CaCl, additions. Incubations were 
carried out for 15 min. with rapid agitation, and the 
inorganic phosphate content was estimated by a procedure 
using phosphomolybdic acid extraction as_ previously 


described (Pratt, 1953). Under these conditions the rate of 


reaction was proportional to the tissue concentration and 
linear with time up to 30 min. Increasing the substrate 


concentration above 1mm did not increase the activity 
appreciably. Activity was not critically dependent on pH 
at pH 7-4. 
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RESULTS 


Quantitative. The adenosine triphosphatase 
activity of the ‘ectodermal’ or ‘mesodermal’ brain 
fractions was determined separately. The effect of 
varying the Ca?+ or Mg?+ concentration was 
studied. 

The activity of the ‘mesodermal’ fraction was 
low in the absence of added bivalent cations, but } 
rose rapidly with small additions of either Ca?* or 
Mg?+ (Fig. 1). The highest activity resulted from 
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Fig. 1. Effect of varying concentrations of Mg?* or Ca?+ 
on mesodermal ATPase. Enzyme activity in pmoles of 
inorganic phosphate/g. hr. 0-1m glycylglycine buffer, 
pH 7-4; 2mm ATP; tissue 0-33 mg. (fresh wt.)/ml. 
Incubation 15 min. at 37°. 
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Fig. 2. Effect of varying concentrations of Mg?* or Ca? 
on ectodermal brain ATPase. Enzyme activity in pmoles 
of inorganic phosphate/g. hr. Conditions as in Fig. 1, 
except that the tissue concentration is 1-5 mg./ml. 


the addition of about 10 mm-CaCl,, but concen- 
trations in the range 3-20 mM gave nearly maximal 
activity. The concentration of MgCl, giving high 
activity, about 4mm, was rather critical. The 
maximal Mg?* activation was rather less than that 
of Ca2+, and the activity fell sharply as the MgCl, 
concentration was increased to about 8 mM. 
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The activity of the ‘ectodermal’ fraction was 
low in the absence of added bivalent cations, being 
of a similar order to that of the ‘mesodermal’ 
fraction. Small additions of either Ca?+ or Mg?+ 
increased the activity, but the maximal values 
reached were considerably lower than those of the 
‘mesodermal’ fraction (Fig. 2). Ca?+ activation 
amounted to only about 50-70%, reached with 
concentrations greater than about 3mm. A 
greater activation of about 200 % was reached with 
8-10 mm-MgCl,, and the activity fell only slightly 
at higher MgCl, concentrations. 

Histological. Good vascular staining was seen 
without added Ca?+ or Mg?+. The cells of the cere- 
bellum were only moderately stained (Fig. 3), but 





Fig. 3. Cerebellum. ATPase showing deep staining of the 
pia-arachnoidal vessels but only moderate staining of 


the cerebellar cells. x 90. 





Fig. 4. ATPase. Mg?* added. Showing deep 
staining of the pia-arachnoidal vessels as well as of glial 
cells of the molecular layer, Purkinje cells and granules. 


x 90. 


Cerebellum. 


the vessels of the pia arachnoid were deeply 
stained. The addition of Mg?+ (Fig. 4) increased 
considerably the rate of staining of the glial cells of 
the molecular layer, the P 
granular layer cells. 


urkinje cells and the 


The vascular staining in all regions of the cere- 
brum in media with or without Mg?+, examined 
over a wide range of incubation times, was similar. 
The parenchymal vessels of the brain and the 
larger extracerebral vessels developed staining at 
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the same rate (Fig. 5) and were readily demon- 
strable at incubation periods of only 3 min. The 
pia-arachnoidal cells did not respond to Mg?* 
addition. The addition of Mg?*+ increased consider- 
ably the rate at which nuclei of the ectodermal 
elements stained, but did not alter the rate of 
staining of the mesodermal elements (Fig. 6). 
Nuclei of ectodermal elements were evident after 
5 min. incubation, whereas without Mg?* a similar 
intensity of staining required 40 min. incubation. 
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Fig. 5. Cerebrum. ATPase. Showing deep staining of the 
intra- and extra-cerebral vessels and pia-arachnoidal cells. 
The neuronal and glial elements are lightly stained. x 64. 
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Fig. 6. Cerebrum. ATPase. Mg?* added. Greater activa- 
tion of ectodermalelements than of mesodermal elements. 
x 64, 
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With the addition of Ca?*+ the major differences 
are demonstrable at short incubation times. 
Sections incubated in media containing Ca?+ 


showed much more deeply staining vessels than in 
sections incubated without it (Fig. 7). The ecto- 
dermal elements showed little change whether or 





1 


Fig. 7. Cerebrum. ATPase. Ca?+ added. Greater activa- 
tion of mesodermal elements than of ectodermal ele- 
ments. x 64. 


not Ca?*+ was added to the medium. At long incu- 
bation periods the Ca?+ incubated sections closely 
resembled the control sections. 

In some experiments the Pb?+ concentration in 
the incubation medium was increased to 4mm. 
Glial and neuronal nuclei showed only very faint 
staining, even in the presence of Mg?+, but the 
staining of vessels was affected only slightly by the 


raised Pb?+ concentration. 


DISCUSSION 


Comparison of brain adenosine triphosphatase in 
the nervous and non-nervous tissue in respect of 
activation by calcium or magnesium ions has been 
carried out by two separate methods. Although 
the quantitative and the histological results are 
not directly comparable they are mutually con- 
firmatory. The histological picture shows quali- 
tatively the activation of the enzyme in the various 
ectodermal and mesodermal elements in_ situ, 
whereas assay of enzyme activity in separated- 
tissue samples has given a quantitative indication 
of the differences. 

In the histochemical study the lead concentra- 
tion has been kept low in order to avoid differential 


inhibition. It has been necessary, therefore, to 


work at a lower adenosine triphosphate concentra- 
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tion than the optimum in order to avoid technical 
difficulties arising from local exhaustion of lead ions 
at the sites of high activity. The pH is kept rather 
lower than the optimum in order to avoid pre- 
cipitation of lead carbonate. In the quantitative 
study of activity in the separated tissue, on the 
other hand, optimum conditions can be used. 
Contamination of the ‘ectodermal’ fraction by a 
small proportion of vessels and of the ‘mesodermal’ 
sample by some adhering brain tissue tends to 
reduce or obscure differences in enzyme properties. 
Notwithstanding the modifications in the histo- 
logical conditions and the incomplete separation of 
tissue for quantitative study, there is general 
agreement between the two sets of results. The 
greater activation of the ‘mesodermal’ fraction 
adenosine triphosphatase by calcium salts, and its 
inhibition by higher magnesium-salt concentra- 
tions, conform with the greater staining of vessels 
when calcium but not magnesium salts are added 
to the medium. The activation of the ‘ectodermal’ 
fraction adenosine triphosphatase by magnesium 
ions, which is only slight with calcium ions, con- 
forms with the greater staining of neuronal and 
glial nuclei when magnesium but not calcium ions 
are added to the medium. 

It has been suggested that calcium ions increase 
the permeability of mitochondria (Cleland, 1952), 
releasing latent adenosine triphosphatase activity. 
However, Potter, Siekevitz & Simonson (1953) did 
not find clear evidence of such latency in tissues 
other than liver. In the present work, a consider- 
able activation by calcium ions has been found in 
the ‘mesodermal’ fraction, rather than in the 
‘ectodermal’ fraction in which the enzyme is 
probably largely mitochondrial. According to 
Lowry et al. (1954) calcium ions compete with 
magnesium ions and inhibit the activity when both 
are present. 

The effect of lead ions on adenosine triphos- 
phatase differs from that on other phosphatases, 
for this cation probably competes with magnesium 


ions for the substrate (Pratt, 1954). The work of 


Neuberg & Mandl (1949) suggests that adenosine 
triphosphate forms complexes with various cations, 
including magnesium, calcium and lead. Evidence 
for the existence of a magnesium—adenosine tri- 
phosphate complex has been given by Spicer (1952). 
Brain adenosine triphosphatase is inhibited by 
chelating agents that bind magnesium and calcium 
ions (Pappius & Elliot, 1954; Maxwell & Nickel, 
1954), but the inhibition can be overcome by an 
excess of magnesium ions. The preferential poison- 
ing by lead ions suggests that the magnesium- 
dependent enzyme is different from the calcium- 
activated one. 

Skeletal muscle has been reported to contain 
both a calcium-activated adenosine triphosphatase 
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associated with the actomyosin complex and a 
magnesium-activated enzyme associated with lipo- 
protein granules (Kielley & Meyerhof, 1948). The 
main activity observed in the brain ‘mesodermal’ 
fraction may be due to a myosin-like enzyme from 
smooth-muscle cells. Pappius & Elliot (1954) find 
that a suspension prepared from the whole cerebral 
hemisphere of the rat contains an adenosine tri- 
phosphatase activated by calcium ions and also 
a magnesium-activated enzyme which is strongly 
inhibited by calcium ions. From studies of the 
activation of adenosine triphosphatase by calcium 
and magnesium ions in the cytoarchitectonic 
layers of rat cerebral cortex, Hess & Pope (1954) 
suggest that separate enzymes with different 
cytological locations are present. 

The differences between the activation 
bivalent cations of adenosine triphosphatase of 
brain vessels and of brain parenchyma suggest that 
separate consideration of the enzymes of the ecto- 
dermal and mesodermal tissue may help to explain 
some of the conflicting findings about brain 
adenosine triphosphatase. Stability of the enzyme 
is likely to be important here. Earlier results 
suggest that the activity of the adenosine triphos- 
phatase in glial and neuronal nuclei declines more 
rapidly than that in the vessels in stored tissue 
(Naidoo & Pratt, 1954). Efficient separation of the 
tissue into nervous and non-nervous tissue fractions 
may prove to be a valuable step in the preparation 


by 


of purified enzymes. 


SUMMARY 


1. Two tissue fractions have been separated 
from rat brain, one fraction consisting mainly of 
tissue of mesodermal origin and the other mainly of 
tissue of ectodermal origin. Adenosine triphos- 
phatase activity has been studied quantitatively in 
saline suspensions prepared from these fractions 
and qualitatively by histological staining of en- 
zymically active sites in frozen-dried sections from 
rat brain. 

2. The adenosine triphosphatase activity of both 
fractions is of a similar order in the absence of 
added bivalent cations. The activity of the ‘meso- 
dermal’ fraction is increased more than 15-fold by 
the presence of 10 mM calcium ions, and to a lesser 
extent by 3mm magnesium ions. The adenosine 
triphosphatase of the ‘ectodermal’ fraction is more 
sensitive to magnesium ions, an activation of about 


NE 


TRIPHOSPHATASE 469 


200 % being obtained at 8 mM concentration, than 
to calcium ions, which activate only about 60% 
at 3 mM concentration. 

3. The staining of brain vessels was accelerated 
much more by calcium ions than by magnesium 
ions. The staining of neuronal and glial nuclei was 
accelerated by magnesium ions but not by calcium 
ions. A lead-salt concentration of 4mm prefer- 
entially inhibited the staining of nervous-tissue 
elements. 

4. The significance of these results is discussed in 
relation to the preparation, properties and function 
of brain adenosine triphosphatase. 
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The Deposition of “S in Cortical Bone 


By P. W. KENT, J. JOWSEY, L. M. STEDDON, R. OLIVER anp J. VAUGHAN 
Department of Biochemistry, Nuffield Department of Medicine (University of Oxford), 
Department of Radiotherapy, Churchill Hospital 


(Received 29 June 1955) 


As part of the study of the site of deposition of 
radioactive isotopes in bone tissue, carrier-free 
sodium [*S]sulphate was injected into rabbits and 
found to be concentrated in the same areas of 
active bone growth as is Sr. Similar localization 
has been reported in the bone of rats (Dziewiat- 
kowski, 1951, 1952a, b, 1954; Belanger, 1954) and 
of growing dogs (Lacroix, 1954; Engfeldt, Eng- 
strém & Bostrém, 1954; Engfeldt & Hjertquist, 
1954). Since [**S]sulphate is known to be incorpor- 
ated in high concentration in the chondroitin 
sulphate of the cartilage in the epiphyseal plate 
(Dziewiatkowski, 1951), it appeared of interest to 
determine whether *°S was associated in bone with 
the apatite crystal or with an organic constituent 
of the matrix, or possibly with both. The problem 
was investigated in the following manner: (1) esti- 
mating the amounts of **S in decalcified bone and 
in the decalcifying solution at various times after 
injection; (2) extracting the substance containing 
%°S from decalcified bone and identifying it; (3) 
analysing in detail the exact site of deposition of 
%S compared with other radioactive isotopes, and 
studying by autoradiography the effect of various 
agents that might be expected to remove sulphur 
compounds from bone sections. 


IX PERIMENTAL 


tabbits. The rabbits used were of the same stock as those 
employed in previous experiments (Kidman, Tutt & 
Vaughan, 1950; Owen, Jowsey & Vaughan, 1955); they 
were fed on a diet of oats, hay and cabbage. 

Estimation of the *°S in decalcified bone and in the decalci- 
fying solution. One rabbit aged 14 weeks and three rabbits 
aged 6 weeks were injected with three single doses of 
Na,*SO, (1 mc/kg.) within 8 hr. The older rabbit and one 
of the younger were killed 24 hr. later and the other two 
7 days later. The long bones were dissected, the ends 
removed below the epiphyseal plates and cleared of flesh 
and marrow, and each shaft was decalcified in approxi- 
mately 40 ml. of ethylenediaminetetraacetic acid (EDTA) 
solution (Sreebny & Nikiforuk, 1951). This was made up by 
adding a 16% (w/v) NaOH solution to a 28% (w/v) 
solution of EDTA until the pH was 7-2, producing a 
mixture of the tri- and tetra-sodium salts. After decalci- 


fication, which took about 14 days, according to the size of 
the shaft, the matrix was dissolved in 10 ml. of concen- 
trated HNO,. The radioactivity of both the fractions was 
estimated. 


Isolation of bone-matrix substances. For the purpose of 
identifying the sulphur-containing compound remaining in 
cortical bone after decalcification two rabbits, aged 7 weeks, 
received three doses of Na,**SO, within 8 hr. (450 uc/kg. in 
each dose). They were killed 24 hr. later. The humeri, 
radii, femora and tibiae were removed. The ends of the 
bones were sawn off below the epiphyseal plate and dis- 
carded. The marrow was removed from the shafts, which 
were then decalcified in a measured volume of sodium 
ethylenediaminetetraacetate adjusted to a pH of 7-2. 
Analyses were carried out on the bone matrix remaining 
after decalcification. 

Autoradiographic experiment. One rabbit aged 6-8 weeks 
and one rabbit aged 3 months received three doses of 
Na,*SO, within 8 hr. (1 mc/kg. in each dose) and were 
killed 7 days later. One rabbit aged 14 weeks received the 
same dose and was killed 24 hr. later, and other 12-week- 
old rabbits were killed 9 and 21 days after injection. 


Measurement of radioactivity 


Solutions. The activities of solutions were measured by 
using a mica end-window (lin. diameter) counter tube 
(General Electric Co., London, W.C. 2, Type E.H.M. 2) and 
20 ml. of liquid as an ‘infinitely thick’ sample. The liquid 
was contained in a glass Petri dish (2 in. diameter) carried 
on the slide of a lead castle (Labgear, Cambridge) so that 
the distance between the surface of the liquid and the 
counter window was 5mm. With the rabbits killed at 
7 days after the injection the activity of the decalcifying 
solution was low, and, in order to increase the observed 
count-rates, the measurements were repeated after the total 
volume had been reduced to 20 ml. by evaporation. The 
solutions were opalescent but the solid matter remained 
suspended during the time of counting, and there was 
reasonable agreement between the measured activities of 
the original and concentrated samples. 

Although measurement of radioactivity with liquid 
samples in this way is not as sensitive as with solid samples 
obtained by evaporating large volumes to dryness, it 
proves more reliable for comparing the activities of 
samples and standards having different contents of organic 
matter. The errors due to the different self-absorption in 
the solid samples may then be difficult to assess. The back- 
ground was 20-5+-0-5 counts/min. 

Extracted muco-substances. Counts were made of solids 
at infinite thickness on polythene specimen carriers 
(2 sq.cm.), except where otherwise stated. 

Paper chromatography. Chromatograms were prepared 
on Whatman no. 1 paper by descending elution with the 
organic phase of a n-butanol-ethanol—water (4:1:5, v/v) 
mixture. The positions of amino acids were revealed by 
spraying the chromatograms with 1% ninhydrin in 
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butanol. Reducing sugars were detected by means of 
aniline hydrogen phthalate (Partridge, 1949). 

Paper electrophoresis. The apparatus described by Cremer 
& Tiselius (1950) was employed, with chlorobenzene as 
a cooling agent. All examinations were carried out in 
0-07mM barbiturate buffer at pH 8-8, on Whatman no. 1 
paper. The applied starting potential was 8-4v/cm. 
Sulphated substances were located by staining with 
toluidine blue (0-075 % in 50% v/v aqueous ethanol) and 
removing the background colour with 50% (v/v) ethanol 
(Pasternak & Kent, 1951). 

Histological technique. Histological sections stained by 
the periodic acid-Schiff reagent (PAS) (Pearse, 1953), 
toluidine blue and eosinazure were prepared as described 
by Jowsey, Sissons & Vaughan (in preparation). 

Microradiographs and autoradiographs were prepared 
from thin cross-sections of bone from the upper half of the 
tibia which had been embedded in Perspex (Jowsey, Owen 
& Vaughan, 1953; Owen et al. 1955; Jowsey, 1955). In 
some experiments fast experimental film (Kodak Scientific 
Experimental Plate No. V 1001) was used; in others high- 
resolution film (Kodak M.R. autoradiographic stripping 
film) was used. Fast experimental film was fixed in ‘hypo’ 
for 2-5 min. at 18° instead of the usual 5 min. at 18° and 
washed well to minimize effect of fixation on the sections. 
The localization of the isotope was noted and the film 
floated off the sections and mounted separately. A few 
representative sections were kept with the film on as 
controls, so that any differences between these and the 
treated sections could be checked at the end of the experi- 
ment. The sections were immersed in CHCl, for 3 hr. to 
remove any traces of Perspex and to allow the solutions to 
penetrate the tissues. They were hydrated and washed in 
distilled water, and each section was demineralized under 
one of the following conditions: (a) EDTA for 2 hr.; 
(6) EDTA for 15hr.; (c) 05% HNO, (v/v) for 0-5 hr.; 
(d) 0-5% HCl (w/v) for 0-5 hr. The decalcified sections were 
then remounted a second time and autoradiographs pre- 
pared from them. The second autoradiographs were left on 
the section and compared with the first. Correction was 
made for the decay of *S in calculating the exposure time 
for the second autoradiographs. 

Some sections, untreated with the decalcifying agents, 
were remounted to allow a second autoradiograph to be 
made in order to ensure that the developer and fixer had 
no effect on the sections in the first autoradiographic pre- 
paration. Other sections were stained by the periodic acid— 
Schiff technique before a second autoradiograph was 
prepared, in order to determine whether there was any 
connexion between PAS-positive substances and the 
deposition of sulphur. 

Grain counts. The reduction of the silver grains of photo- 
graphic film by radiations from radioactive isotopes in 
tissues in contact with the film forms the basis of all auto- 
radiographic techniques (Doniach & Pele, 1950; Bourne, 
1952). The number of developed grains in the autoradio- 
graph is proportional to the activity present in the tissue. 
A comparison of the number of grains in different parts of 
the tissue may be used as an indication of the amount of 
radioactive isotope present. Many modifications of this 
principle are in use (Doniach & Pele, 1950; Lajtha, 1954). 
In the present instance grain counts were made by means of 
an oil-immersion objective and eye-piece ( x 10 magnifica- 
tion) containing a small disk with 0-5 mm. aperture. Three 
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counts were made over an area of intense localization and 
an average was taken. The numbers of grains in areas of 
less intense uptake were determined in the same way and 
expressed as percentages of the counts in areas of intense 
localization, the figure for counts over film away from the 
section being subtracted in both cases. This method, in 
which relatively thick sections rather than single cells are 
used, has severe limitations, since each autoradiograph may 
differ from another because of variations in (i) section 
thickness, (ii) the distance between the section and the film, 
(iii) the precise conditions of development and (iv) ex- 
posure time. Counts made on different parts of an auto- 
radiograph prepared from a single section are more com- 
parable than counts made on autoradiographs prepared 
from different sections. If every effort is made to keep 
conditions constant such counts may be used to give 
qualitative results. 


RESULTS 


Calculation of the amounts of ®S in decalcified 
bone, in whole bone and in decalcifying solution 
(EDTA). The amount of *S in decalcified bone, i.e. 
in the nitric acid fraction, has been expressed as 
a percentage of the total *S in each bone, the limits 
being those given by the standard deviations in 
values of activity for both the EDTA and the dis- 
solved matrix. By comparison with a *S standard 
solution of known activity the total activity in 
each bone has also been calculated as a percentage 
of the total dose injected. These figures are shown in 
Table 1. 

The amount found in the EDTA is the difference 
between that found in the whole bone and in the 
acid fraction. 

The amount of *S retained is small, and, even 
for these large doses, the count-rates above back- 
ground which were obtained with this technique 
of measurement were of the order of the background 
count-rate itself; consequently the statistical 
accuracy is not high, the standard deviation for 
some of the results being greater than + 10%. 
However, it appears to be established for all bones 
that the proportion of the total *S in the decalci- 
fying solution is greater at 24 hr. than at 7 days. 
Also, by comparing the three rabbits which were of 
similar age, it appears that the total amount of *S 
present in each bone is much lower at 7 days than 
at 24hr., only about 15 % of the activity at 24 hr. 
remaining in the femora and about 25% in the 
other bones. 

Extraction of sulphated muco-substances from 
decalcified bone. The decalcified bones (4-9 2. moist 
weight) were shaken at room temperature for 
10 hr. with 2 % (w/v) aqueous potassium hydroxide 
(50 ml.). The extract was removed and the bones 
were re-extracted by the same procedure. The 
combined extracts, after centrifuging, were depro- 
teinized by shaking ten times with a 4:1 (v/v) 
mixture of chloroform and pentanol for 1 hr. each 


472 


time (Sevag, 1934). The final aqueous solution 
failed to yield a precipitate when treated with 
glacial acetic acid. When ethanol (3 vol.) was added, 
a solid was obtained which was removed and dried 
with absolute ethanol and ether (yield 0-119 g., 
30 counts/min.). 

Paper-electrophoretic separation of the radioactive 
product. A sample (1 mg.) in barbiturate buffer 
(pH 8-8) was submitted to paper-electrophoretic 
examination. Non-radioactive chondroitin sul- 
phate from bovine trachea (Bray, Gregory & 
Stacey, 1944) and a mixture of this with the radio- 
active product were examined simultaneously. 
After 6 hr. the substances were located by treat- 
ment with toluidine blue. All three substances had 
migrated a distance of 10-15 em., and the region 
of metachromatic staining and _ radioactivity, 
measured by cutting the stained paper into 2 cm. 
transverse strips and taking the radioactivity on 
each strip, were coincident in the rabbit-bone 
muco-substance alone and in the mixture with 
carrier chondroitin sulphate. 
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above background, which was 12-4 counts/min. 


+0-7s.p. Even after prolonged dialysis (70 hr.) no 
trace of *SO,?- was found to have diffused through 
the membrane. 

The solution within the membrane was found to 
be radioactive; this contained solid having a count 
of 22/min. above background. The radioactive 
material was not precipitated by addition of 
BaCl, (with or without carrier sulphate). 

Hydrolysis of radioactive rabbit-bone product. 
(a) The above dialysed product (1 ml.=1 mg.) was 
heated with 0-25 ml. of concentrated hydrochloric 
acid at 105° for 12hr. Addition of 0-1N-H,SO, 
(0-5 ml.) and 0-1N-BaCl, (1 ml.) resulted in the pre- 
cipitation of radioactive BaSO,. The total pre- 
cipitated activity was equivalent to 21 counts/min. 
+2-1s.pD. above background (12-4+0-7 s.p.). The 
experiment was carried out in duplicate, 96% of 
the total activity of the dialysed muco-substance 
being recovered as ®SO,?-. 

(b) Hydrolysis of 4 mg. of the solid undialysed 
rabbit product with 0-5 ml. of 5N-HCl at 105° for 


Table 1. Proportions of ®S in acid solutions of bone matrix and total bone content of ®S 
(expressed as percentage of dose injected) 


Each rabbit received 3 mc/kg. of Na,*SO,. 


Age of Time between 
rabbit injection and 
(weeks) killing Bones 
14 24 hr. Femora 
Humeri 
6 24 hr. Femora 
Humeri 
Tibiae 
6 7 days Femora 
Humeri 
Tibiae 
6 7 days Femora 
Humeri 
Tibiae 
[The same results were obtained when the 
specimens were mixed with sodium sulphate 


solution before application to the paper. Electro- 
phoresis under identical conditions of a mixture of 
non-radioactive chondroitin sulphate and Na,®SO, 
gave only a non-radioactive metachromatic zone. 
Dilution dialysis. A sample (4 mg.) of the radio- 
active rabbit-bone product was dissolved in a 
mixture of 4-5 ml. of water and 0-5 ml. of 1% (w/v) 
sodium sulphate solution. The solution was 
dialysed (cellophan) against distilled water (400 ml.) 
for 17 hr. To 10 ml. of the external liquid 0-1N 
sulphuric acid (1 ml.) and 0-1N barium chloride 
(2 ml.) and the resulting barium 


were added 


sulphate precipitate was filtered off and dried with 
ethanol. This precipitate showed no radioactivity 


Bone content of 
358 (percentage of 
injected dose) 


358 in nitric acid 
solution (percentage 
of total bone 





content) + s.D. +S.D. 
26 0-135 
2 Dd 0-075 
18- D 0-13 + 0-005 
9- Dd 0-04 + 0-005 
19- 0-05 0-005 
4346 0-020 + 0-002 
35+10 0-008 + 0-001 
36+6 0-013 +0-001 
4345 0-015 +.0-001 
53847 0-010-+0-0015 
46+6 0-015-+0-0015 


12 hr., followed by paper-chromatographic analysis 
by the method of Stoffyn & Jeanloz (1954), gave 
evidence of the presence of galactosamine. 


Localization of ®S as determined by autoradiography 

Precise site of deposition of ®S. Autoradiographs 
prepared from bone sections of animals in both age 
groups showed that *S is incorporated in areas of 
active bone growth in high concentration, as is 
Sr (Jowsey et al. 1953), and that the apparent 
movement of the radioactive isotope with time is 
dependent on the apposition of new bone containing 
no radioactive isotope. 

358 is found in the cartilage cells of the epiphyseal 
plate. Below this the trabeculae of the primary 
and secondary spongiosa show concentration of 
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the radioactive isotope. In the primary spongiosa 
the deposition appears in narrow bands of bone 
that are laid down on the cartilage scaffolding. 
Grain counts suggest that this uptake is approxi- 
mately half as strong as that in the cartilage of the 
plate. In the animal killed 21 days after injection, 
it is found that the cartilage has grown down from 
the plate, and now lies in the centre of the trabe- 
culae which shows deposition, and that this is 
covered by new bone formed since injection. The 
3S taken up by the secondary spongiosa shows a 
patchy and somewhat less intense localization in 
bone which appears incompletely calcified in the 
microradiographs. 

In the metaphysis and diaphysis there is deposi- 
tion of **S endosteally and periosteally in the newly 
formed bone (Owen e¢ al. 1955) and in bone at 
active building sites. In animals killed 7 and 
21 days after injection, the endosteal and periosteal 
bone and the lamellae in active building sites 
containing *S have been overlaid by new bone 
formed since injection, which contains no radio- 
active isotope (Figs. 1 and 2). 





Fig. 1. Radioautograph of unstained cross-section of 
rabbit tibia (7 days after administration of *SO,?>), 
showing layer of high concentration of isotope in endo- 
steal bone overlaid with new bone showing no *S. 


( x 120.) 


All the areas of localization of radioactive sulphur 
in the animals killed up to 9 days after injection 
appear incompletely calcified in the microradio- 
graphs, and other experiments (Jowsey et al. 1953; 
Owen et al. 1955) have shown that °Sr is deposited 
characteristically in the same regions. However, 
%§ is found in a few lamellae only; Sr, on the 
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other hand, is taken up in all the bone of low ealci- 
fication, with a gradual falling-off of the intensity 
of the reaction as the bone becomes more com- 
pletely calcified. 

Those areas of growing bone which take up ®S 
are stained metachromatically and give a positive 
periodic acid—Schiff reaction. In bone tissue this 
positive reaction may indicate a low degree of 
sulphation or of polymerization of matrix con- 
stituents, or a high concentration of a substance 
such as chondroitin sulphate. The association of 
high concentrations of ®S in areas showing a 
positive periodic acid—Schiff reaction is particu- 
larly noticeable in the building sites in cortical 
bone. A high percentage of those sites that show 
a positive PAS reaction also contain ®S. Not all 
areas showing a positive PAS, however, take up 
358, since they may be surfaces where resorption is 
active (Heller-Steinberg, 1951) or areas which have 
become PAS-positive since injection. 

In addition to this concentrated reaction there is 
a diffuse background reaction throughout bone. 
This background reaction is greatest in autoradio- 
graphs prepared from the bone of the rabbit killed 


Fig. 2. Radioautograph of unstained cross-section of rabbit 
tibia (7 days after administration of *SO,?-), showing 
region of high isotopic concentration of *S over adjacent 


lamellae at a distance from Haversian canals. ( x 300.) 


24 hr. after injection, and is much reduced in 
animals killed 7 and 21 days after injection. At the 
later time-intervals grain counts suggest that the 
reaction is only 10-15% as strong as the earlier 
concentrated reaction. In the older animals there 
is non-Haversian bone present endosteally and 
periosteally, and such bone shows a background 


474 
reaction only half as intense as the reaction over 
Haversian bone in the same sections (Fig. 3). 
Effect of demineralization on the site of deposition 
of ®S. Grain counts in both the diffuse background 


and over areas of concentration on autoradio- 


graphs prepared from undecalcified sections of 


bone from rabbits killed 24 hr. after injection are 
higher than those obtained on autoradiographs 
prepared after decalcification by any of the 
methods used. The reduction is, however, much 
greater in the diffuse grain distribution than in 
areas of concentration. Grain counts on auto- 
radiographs prepared from sections of bone from 
rabbits killed 7 days after injection appeared to be 
unaffected by decalcification. 


g <Periosteum 


be Non-Haversian 
bone 
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ever, many sources of error in comparative grain 
counts on autoradiographs from sections treated in 
different ways, and until further investigations of 
the validity of the method have been carried out 
too much stress should not be laid on the quanti- 
tative results obtained. It can be shown, however, 
from the autoradiographs that there is considerable 
loss of the diffusely distributed *S with time, while 
the concentration of *S in new bone remains at 
least qualitatively high. The nature of the soluble 
sulphate is unknown and is to be further investi- 
gated. 

The radioactive material in the decalcified bone 
is extractable under alkaline conditions, and in 
fractionation the activity becomes concentrated in 
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3. Radioautograph of unstained cross-section of rabbit tibia (21 days after administration of %SO,?-), showing 


distribution of *°S over Haversian bone and less dense background over non-Haversian bone. Note. Grains of 
emulsion in focus; section therefore slightly out of focus; Haversian canals easily distinguished in Haversian bone, 
and cement lines of lamellae in non-Haversian bone. ( x 60.) 


DISCUSSION 


The observations recorded here on the effect of 


decalcification on the *S content of rabbit bone, as 
estimated by measuring the relative radioactivity 
of the decalcifying solution and the decalcified 
bone, suggest that *S is present in the bone in two 
forms—one that is readily removed by decalci- 
fication and one that is not. The proportion of 
each present varies with time after injection, 
thus confirming the observations of other workers 
(Engfeldt 1954; Engfeldt & Hjertquist, 
1954). 

The autoradiographic experiment suggests that 
24hr. after injection the labile form of *§ is 
diffuse in distribution over the bone surface, while 
the *®S that is bound is present in the areas of 
active bone growth. At longer periods after in- 
jection, radiochemical and autoradiographic evi- 
dence is not in such close agreement. **S was still 
present, though in reduced amounts, in the decalci- 
fying solution, but grain counts on autoradiographs 
prepared from sections before and after decalci- 
fication suggested no loss of *S. There are, how- 
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the carbohydrate fraction as opposed to the 
collagen and protein fractions. Though the radio- 
active constituent has not yet been isolated in a 
pure form, the following evidence suggests strongly 
that chondroitin sulphate or a nearly related sub- 
stance is present: (a) In paper-electrophoretic 
experiments the substance has the same mobility 
as authentic non-radioactive chondroitin sulphate, 
alone or in dilution with non-radioactive material. 
(b) The isolated substance is metachromatic in the 
same way as other sulphated muco-substances. 
(c) The sole metachromatic component in paper 
electrophoresis is coincident with the sole radio- 
active component. (d) A reducing amino sugar and 
%5S0,?- are detectable only after acidic hydrolysis 
of the isolated radioactive substance. 

The radioactivity of the bone chondroitin sul- 
phate is accounted for in terms of esterified sul- 
phate. Dialysis of the radioactive product with 
added sodium sulphate results in no release of 
35$0,2-, as would be expected if it was held by 
ionic or other readily exchangeable linkages. The 
radioactivity is recovered fully as *SO,?- by acidic 
hydrolysis of the muco-substance. 
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It is known (Florey, 1955; Kent, Whitehouse, 
Jennings & Florey, 1956) that duodenal mucins 
obtained from rabbit fistulae show a high level of 
radioactivity almost immediately after the intra- 
venous administration of Na,*SO,. The immediate 
response is due to the presence in the mucous 
secretion of *SO,?-, and the amount of ester 
sulphate incorporated into the muco-substances 
rises to a maximum only 4 hr. after injection of the 
isotope. In this case, the presence of ionic sulphate 
in the mucin indicates only its availability te the 
mucous glands, and its retention and slow rate of 
incorporation suggest the existence of some inter- 
mediate biochemical ‘trapping’ or storage process. 
By analogy, the presence of ionic sulphate in bone, 
as generally in other tissues, is not unexpected. 

The determination of the precise site of deposi- 
tion of *S that is made possible by the high resolu- 
tion of the present autoradiographs shows that this 
deposition differs from that of calcium and 
strontium in one important particular: calcium and 
strontium are distributed over the area of low 
calcification in an active building site, whereas 
sulphur lies over a few lamellae only. The strongly 
positive PAS reaction also occurs, not over the 
whole area of an active building site, but at the 
periphery over a few lamellae, presumably in the 
area where the matrix is being formed; this 
suggests that incorporation of the *S occurs only 
in newly formed matrix, whereas calcification of 
matrix is a continuous process occurring over a 
larger area. 

These results are consistent with the hypothesis 
that two main series of biochemical processes 
operate during bone formation. The first series is 
the synthesis of a sulphated organic matrix, which 
the present experiments suggest is chondroitin 
sulphate or a closely allied substance (Rogers, 
1949). The incorporation of ®S into such a sub- 
stance in bone points to the existence of some form 
of sulphate-free (or hence more PAS-positive) 
precursor. Such a possible precursor of chondroitin 
sulphate has been demonstrated in bovine cornea 
(Davidson & Meyer, 1954) and may have a wide- 
spread distribution. The high localization of *S at 
sites of sulphate esterification is therefore not un- 
reasonable. The second series of biochemical pro- 
cesses involves the deposition of inorganic cations 
about the ionic environment provided by sulphated 
muco-substances. The high concentration of Sr in 
areas of low calcification may be due to the fact 
that these areas are zones of high biochemical 
activity. 

In addition to these synthetic processes, there is 
imposed the dynamic biochemical state in which 
a general, and in this case slow, turnover (Kent & 
Whitehouse, 1955) of tissue constituents occurs. 
A degree of redistribution (not necessarily uniform 
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throughout the tissue) of the isotopic material is 
therefore to be expected, though this may give rise 
to a substantially lower but more general degree of 
incorporation of **S, as shown by the background 
reaction in the autoradiographs. 


SUMMARY 


1. Observations on the deposition of *S in the 
tibiae of rabbits obtained by the use of both 
chemical and autoradiographic techniques are 
described. 

2. *®S is incorporated into bone in two forms: 
(1) a labile form throughout the bone which is in 
large part removed by decalcifying agents; (2) a 
non-labile form present in high concentration in 
areas of active bone growth, which is not removed 
by decalcifying agents. 

3. The radioactive material extracted from 
decalcified bone has been shown to be chondroitin 
[*S]sulphate or a closely allied substance. 


This work was begun on behalf of the Protection Sub- 
committee of the Medical Research Council’s Committee on 
Medical and Biological Applications of Nuclear Physics. 
Two of us (J. V. and P.W.K.) have a personal grant from 
the Medical Research Council. 
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The Production of Polyacetylenic Compounds by Basidiomycetes: 
Glucose Conversion 
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(Received 6 July 1955) 


Polyacetylenic compounds, i.e. compounds con- 
taining two or more triple bonds in conjugation, 
are produced by a variety of (mainly higher) fungi 
when grown on synthetic or semi-synthetic media. 
They occur sufficiently frequently (Anchel, 1954, 
and unpublished observations) to make it apparent 
that the production of such compounds, though 
unusual, is not a rare freak of metabolism. The 
fungal polyacetylenes belong to a class of com- 
pounds which includes the complex antibiotics and 
an enormous variety of other ‘natural products’, 
compounds which play no obvious part in the 
primary metabolic processes of organisms. Despite 
the great practical and theoretical interest of such 
‘secondary metabolites’, their relationship to the 
better-known such as glycolysis or 
protein synthesis, is very little understood. As 


I yrocesses, 


relatively simple members of this class of com- 
pound, and also as containing chemical units of 
peculiar thermodynamic instability, the fungal 
polyacetylenes are of especial biochemical interest. 
A comparison of the structures of the small number 
of compounds which have been fully investigated 
does not yet permit any significant conclusions to 
be drawn, and it may be noted that chains of both 


odd and even numbers of carbon atoms are 
represented. 
In order to provide material for chemical 


studies, we have grown polyacetylene-producing 
fungi under a variety of conditions. The poly- 
acetylenes have distinctive ultraviolet absorption 
spectra, and this has made possible the study of the 
course of polyacetylene production in different 
cultures in some detail. The present communica- 
tion records observations made with an unidentified 


Basidiomycete, B. 841, originally isolated from 


white cedar by Dr Baxter at the University of 
Michigan. Cultures of this fungus produce hydro- 
eyanic acid (Robbins, Rolnick & Kavanagh, 1950) 


and a mixture of four closely related polyacetylenic 
antibiotics. The structures of the latter are indi- 
cated in Fig. 1, and details of their separation are 
described elsewhere (Bu’Lock, Jones & Leeming, } 
1955); it is sufficient to note here that all share a 
distinctive ultraviolet absorption spectrum (Fig. 2) 
by measurement of which their combined concen- 
trations may be measured. 


} 
R.C=C.C=C.CH =C=CH.CH(OH).[CH,],.CO,H 
Nemotinic acid (R = H) and odyssic acid (R =alkyl) 
R.C=C.C=C.CH =C =CH.CH.[CH,],.CO 
| | 
() —____ 
Nemotin (R =H) and odyssin (R =alkyl) 
Fig. 1. Antibiotics isolated from the fungus B. 841 
(Bu’Lock e¢ al. 1955). 
45 
i 40 
2d 
= , 
35 
30 
200 250 300 ' 


Wavelength (mwv.) 
Fig. 2. Ultraviolet absorption spectrum of nemotinic 
acid. The spectra of the other polyacetylenes from the | 
fungus B. 841, and of mixtures, differ only in detail. 
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METHODS 


Growth of the fungus B. 841. The fungus was grown as 
surface cultures supported on glass wool in 2 1. ‘ penicillin’ 
flasks (Pyrex no. 1420) fitted with sampling tubes. The 
fungus grows only slowly, so that special care to avoid 
contamination is needed. The ‘full medium’ used for growth 
(Robbins, Kavanagh & Hervey, 1947) contained: NaNO,, 
3g.; KH,PO,, 1g.; MgSO,,7H,O, 0-5¢g.; KCl, 0-5g.; 
glucose, 40 g.; cornsteep liquor (Woolley and Son Ltd., 
Manchester), 20 ml.; water, 11. Inocula (4 per flask, about 
lcm.” each) were taken from the periphery of 11-day-old 
malt-agar plate cultures, and the cultures were normally 
maintained at For ‘reflooding’, the medium was 
poured off and fresh sterile medium added, care being taken 
not to submerge the mycelium. When the composition of 
the medium was changed, the mycelial mats were first 
washed twice with the new medium. About 700 ml. of 
medium was used in each flask, the surface area of the 
cultures being about 230 cm.?. 

Analysis of the medium. Samples of the medium were 
drawn off as required, usually weekly. For glucose estima- 


25°. 


tion, a 10 ml. sample was passed through a short column of 


active carbon (Norit; Haller and Phillips Ltd., Basinghall 
Street, London, E.C. 2), which was then washed with 
10 ml. of water, and the combined eluates were made up to 
50 ml. and titrated with Soxhlet’s modification of Fehling’s 
solution (see Bates et al. 1942). For the determination 
of the polyacetylene concentration, a 10 ml. sample of 
medium was extracted with 5 ml. of ethyl acetate, and the 
absorption spectrum of the extract, suitably diluted, was 
measured. The concentration of polyacetylenes present is 
proportional to the difference in optical density of the 
extract at 263 (maximum) and 272 mu. (minimum); if this 
difference is AD, measured in a cell of 1 em. thickness at a 
dilution v, then the concentration in the aqueous medium is 
8-0 v.AD units/ml. This unit, based on known extinction 
coefficients and partition ratios, approximates to a concen- 
tration of lyug./ml. of medium, calculated as nemotinic 
acid, the main polyacetylene present. Polyacetylenes 
could not be detected in aqueous or ethanolic extracts of the 
mycelium itself. 

Reproducibility. The growth curves (Figs. 3-6) show 
results obtained from duplicate runs, and are typical of 
observations which have been made several times. There is 
in general some variation of the actual level of polyacetyl- 
ene production from one run to another, and also from 
one flask to another, but the qualitative progress of the 
reactions remains the same. Thus, for example, the curves 
of Fig. 4 record sets of duplicate observations and also 


illustrate the behaviour found in two other, similar, sets of 


experiments. 
RESULTS 


Growth from inocula. The course of polyacetylene 
formation during growth from inocula is illustrated 
in Fig. 3, which shows polyacetylene formation and 
glucose consumption at two different temperatures. 
Polyacetylene formation and glucose consumption 
are at first slow, becoming more rapid as the 
amount of mycelium present increases. The rate of 
polyacetylene production then begins to fall off, 
until the polyacetylene concentration reaches a 


PRODUCTION OF FUNGUS POLYACETYLENES 


477 


maximum and then begins to decline. This disap- 
pearance of polyacetylenes from the medium is due 
to an activity of the mycelium and does not occur 
in mycelium-free medium. In growth from inocula, 
the mycelial mat reaches a dry weight of 2-0— 
2-5 g. in 6-8 weeks; the total polyacetylene present 
at the maximum is of the order of 0-6% of the 
weight of glucose consumed. At a lower temper- 
ature, growth and consumption of glucose are less 
rapid, and the initial production of polyacetylenes 
is correspondingly less; however, the stage at which 


— 200 


Polyacetylenes in medium (u./ml. 





40 
Days after inoculation 
Fig. 3. Production of polyacetylenes (A) and consumption 
of glucose (B) in growing cultures of the fungus B. 841, at 
25° (full curves) and at 20° (broken curves). 
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Days after first reflood 
Fig. 4. Production and destruction of polyacetylenes in 


replacement cultures of the fungus B. 841. Curve 1, on 
full medium; curve 2, as 1, glucose made up to 4% again 
after 29 days; curve 3, as 1, extra polyacetylenes (200 
units/ml.) added after 29 days. 
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polyacetylene destruction overtakes production is 
postponed, so that a somewhat higher maximum 
yield is obtained (about 1:0% of the weight of 
glucose consumed). Despite the production of 
polyacetylenic acids, the pH of the medium rises 
during growth, from an initial value of 3-9 to 
about 5-0. 

Reflooded cultures. Cultures were normally re- 
flooded when the stage of maximum polyacetylene 
yield was reached. Fig. 4, curve 1, shows the poly- 
acetylene production after reflooding with the full 
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10 20 30 
Days after second reflood 
Fig. 5. Production of polyacetylene by the fungus B. 841 
in replacement cultures. Curve 1, on full medium; 
curve 2, on glucose (4%) +cornsteep (20 ml./I.); curve 3, 
on glucose (4%); curve 4, on glucose (4%)+KNO, 
(3 g./I.) + KH,PO, (1 g./l.); curve 5, on glucose (1%). 


growth medium. The course of events is similar to 
that described above, except that since the amount 
of mycelium does not increase there is no initial 
‘lag’ in polyacetylene production. Glucose con- 
sumption in reflooded cultures is more rapid than in 
cultures from inocula (compare Figs. 3 and 6). To 
ascertain whether the destruction of polyacetylenes 
was conditioned only by a low glucose level, the 
effect of adding extra glucose, sufficient to restore 
the concentration to its initial value (4%), to 


flasks at the stage of maximum polyacetylene 
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production was investigated (Fig. 4, curve 2), 
Polyacetylene formation was resumed, but only at / 
a reduced rate. Various observations (cf. Fig. 5) 
suggested that polyacetylene destruction was most 
rapid when a high concentration of polyacetylenes 
had been reached; this was confirmed by observa- 
tions of the polyacetylene destruction in flasks 
to which extra polyacetylenes had been added 
(Fig. 4, curve 3). ) 
Variation of reflooding medium. A remarkable 
increase in polyacetylene formation was observed | 
when a 4% (w/v) aqueous glucose solution was 
substituted for the full growth medium in reflooding 
(Fig. 5). The maximum yield of polyacetylene was 
increased as much as three-fold (about 1-7 % of the 
weight of glucose consumed) and the actual rate of } 
production was also increased. Reflooding of pre- 


. 


Glucose in medium (°,) 


10 20 
Days after second reflood 


Fig. 6. Glucose consumption in replacement cultures of 
the fungus B. 841. Upper curve, on glucose (4%): lower 
curve, on full medium. 


formed mycelial mats with 4% glucose solution 
was adopted as the standard method for larger- 
scale production of the polyacetylenes. The effect 
was most marked if the mycelial mats were washed 
before reflooding, as described above; this reduces 
the carry-over of constituents of the fuil medium. 
Reflooding with a medium containing 4% of ! 
glucose and cornsteep (20 ml./1.) alone produced the 
same result as reflooding with the full medium; 
on the other hand, reflooding with a glucose- 
nitrate-phosphate solution (the concentrations of 
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these substances being the same as those used in 
the full medium) gave the same intensified poly- 
acetylene production as that observed with glucose 
alone. Reflooding with 1% aqueous glucose gave 
a greatly reduced yield of polyacetylenes. 


DISCUSSION 


The production of polyacetylenes by the fungus 
B. 841 can be discussed in terms of the interaction 
between three types of reaction route: 


glucose ¢ » ‘normal’ metabolites; (1) 
glucose + polyacetylenes ; (2) 
polyacetylenes + breakdown products. (3) 


The reactions of group (1) include the consumption 
of glucose for growth, maintenance, respiration 
etc., and are thus of considerable complexity. It 
is uncertain, for example, whether the final break- 
down to carbon dioxide proceeds by the citric acid 


Table 1. 


PRODUCTION OF FUNGUS POLYACETYLENES 


479 


ease the glucose available is many times that 
required for the production of polyacetylenes. 

The nature of the dependence of route (2) upon 
the ‘normal’ glucose metabolism of routes (1) is 
clarified by the effect of supplying the cultures with 
4% glucose only. The total glucose consumption 
is reduced, yet the amount converted into poly- 
acetylenes is increased (cf. Table 1). 

Since the behaviour of cultures reflooded with the 
full medium is duplicated by that of cultures re- 
flooded with 4% glucose and cornsteep liquor 
(Fig. 5), the effect may be ascribed to some factor or 
factors supplied by the latter, and the cultures 
reflooded with 4 % glucose alone may be considered 
as deficient cultures. The effect of this deficiency 
is apparently to suppress a part of the ‘normal’ 
glucose metabolism, i.e. to affect some of the 
reactions of group (1), and also to increase the 
amount of glucose metabolized along route (2). At 
the same time, a large proportion of the glucose 
metabolism remains unaltered; this may be due to 


Conversion of glucose into polyacetylenes 


The data apply to cultures at stages of maximum polyacetylene concentration, reached in 6 weeks after inoculation or in 
3 weeks after reflooding. Because of their simultaneous destruction, the polyacetylenes present at this stage represent only 
about 0-7 of the total amount which has been formed. The glucose equivalent of the polyacetylenes (estimated as nemotinic 


acid) is based on carbon content. 


Total 
glucose used 


(g./flask) 


Conditions 


Growth from inocula 
Reflood (full medium) 
Reflood (4% glucose) 


cycle or in part by some other scheme. Equally, the 
intermediate processes in the overall reactions 
represented by (2) and (3) are unknown. In all the 
experiments, group (1) reactions account for most 
of the glucose consumed. At no time does the 
amount of polyacetylenes present account for 
more than 5 % of the carbon content of the glucose 
consumed, though in view of the simultaneous 
breakdown of polyacetylenes (route 3) it would 
appear that, under appropriate conditions, up to 
7% of the glucose consumed may follow route (2). 

The present experiments throw some light on the 
interaction of the. polyacetylene synthesis (2) with 
the reactions of group (1). It is clear from the 
results obtained by varying the reflooding medium 
that routes (1) and (2) are not wholly independent 
and that the importance of (2) seems to depend 
upon the amount of glucose that ean be ‘spared’ 
from route (1). Thus polyacetylene formation is 
slower during growth, and also—in reflooded 
cultures, where there is little or no growth—on the 
1% glucose medium, even though in the latter 


Il. 
Glucose equiv. 
of max. yield of 
polyacetylenes 


III. 
II expressed 
as percentage 


(g./flask) of I : 
18 0-18 1-0 
21 0-13 0-6 
14 0-42 3-0 


partial retention of the cornsteep factors by the 
mycelium, or may indicate the presence of a 
‘ecornsteep-independent’ group of reactions. The 
latter explanation seems more likely, since the 
behaviour on 4% glucose is repeated after several 
refloodings. Thus it appears possible to represent 
the metabolism of B. 841 by a scheme such as that 
in Fig. 7. In this scheme, the effect of a deficiency 


> ( ‘normal’ 
> | metabolism 


glucose — 
ce 
| 
Y 
polyacetylenes ——> breakdown products 
Fig. 7. —— >, Reactions not requiring cornsteep factors; 
— — — —, reactions requiring cornsteep factors. 


in the cornsteep factors is to divert a greater pro- 
portion of the glucose consumed into polyacetyl- 
enes; in other words, polyacetylene formation in 
B. 841 appears to be an alternative metabolic 
pathway for some intermediate product of ‘normal’ 
glucose breakdown. 
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The competition between formation and break- 
down of polyacetylene is shown by the general 
form of the curves. As the medium becomes 
depleted of glucose, polyacetylene formation be- 
comes slower and is eventually outstripped by the 
increasing rate of breakdown. Comparison of the 
steepness of the descending slopes in Fig. 5 suggests 
that breakdown is more rapid at higher poly- 
acetylene concentrations, and this is confirmed by 
the results in Fig. 4. Reduction of temperature has 
several effects, of which the most marked appears to 
be a lower rate of breakdown, so that a higher 
maximum concentration of polyacetylenes is 
eventually attained (Fig. 3). 


SUMMARY 


1. The polyacetylenic compounds produced by 
the Basidiomycete B. 841 during growth and in 
various replacement cultures are formed from 
glucose; they are not metabolic end-products but 
can be broken down by the fungus at rates com- 
parable with their rates of synthesis. They are 
formed in highest yield in replacement cultures 
supplied with 4% aqueous glucose only, and the 
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extent of their synthesis is reduced when cornsteep 
liquor (a source of essential growth factors for the 
fungus) is added. 

2. It is suggested that the synthesis of poly- 
acetylenes by the fungus B. 841 represents an 
alternative metabolic pathway for some _inter- 
mediate in glucose breakdown, the other metabolic 
routes of which show a partial requirement for 
factors present in cornsteep liquor. 

The authors are grateful to Professor E. R. H. Jones for 
his interest and support, and to Dr M. Anchel for providing 
fungus cultures. 
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It is widely accepted that in Neurospora anthranilic 
acid serves as a precursor of indole in the biosyn- 
thetic pathway leading to tryptophan (see reviews 
by Bonner, 1951; Bonner & Yanovsky, 1951; also 
Partridge, Bonner & Yanovsky, 1952). Evidence is 
accumulating that tryptophan synthesis in bacteria 
occurs in a similar fashion to that in Neurospora. 
Thus anthranilate or indole will replace tryptophan 
for the growth of Lactobacilli (Snell, 1943; Green & 
Black, 1943; Wright & Skeggs, 1945; Schweigert, 
Sauberlich, Baumann & Elvehjem, 1946; Sch- 
weigert, 1947; Rhuland & Bard, 1952) and for some 
mutant strains of Escherichia coli (Davis, 1951). 
Further, anthranilate has been found to accumu- 
late in the growth medium of a strain of Bacteriwm 
typhosum blocked, presumably, between anthra- 
nilate and indole (Rydon, 1948). The last worker 
showed also that the inhibition of growth of Bact. 
typhosum by 4- and 5-methylanthranilates was 
reversed by anthranilate, indole or tryptophan. 

Industries, 


* Present address: Division of Plant 


C.S.1.R.0., Canberra A.C.T., Australia. 


On the other hand, Rhuland & Bard (1952) 
failed to show indole or tryptophan synthesis by 
washed cells of Lactobacillus arabinosus which 
metabolized anthranilate. They suggested that the 
utilization of anthranilate for growth in this 
organism may be different from that in Neurospora. 

In the present paper are described some growth 
characteristics of mutant strains of Esch. coli 
blocked at various points in the biosynthetic chain 
to tryptophan, and conditions for obtaining indole 
synthesis from anthranilate in washed suspensions 
and extracts. 


MATERIALS AND METHODS 


Strains of Escherichia coli. Strain M 121-35 was kindly 
supplied by Dr B. Davis, and the other strains were supplied 
by Dr J. Monod. The bacteria were maintained on heart 
maceration-glucose agar. For experimental work they 
were grown for 16-18 hr. in a glucose—mineral broth (Davis 
& Mingioli, 1950), supplemented with tryptophan unless 
otherwise stated. Generally the cells were harvested by 
centrifuging and washed twice with 1% (w/v) KCl. 
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Enzymic experiments. Experiments with whole cells were 
carried out in inverted T-tubes with mechanical shaking 
(Monod, Cohen-Bazire & Cohn, 1951). Reactions with cell- 
free extracts were performed in stationary tubes under air. 
All experiments were carried out at 38°. 

Preparation of cell-free extracts. Cell-free extracts used in 
this study were prepared in the Mickle vibrator. In general 
11 ml. of bacterial suspension (about 20 mg. dry wt./ml.) 
was shaken for 20 min. in a cold room at — 10° with 5 g. of 
no. 12 Ballotini glass beads. Under these conditions the 
temperature of the suspension remained at 9+2° during 
disintegration. The cells were suspended in a medium 
containing 1-5% (w/v) KCl, 0-005m potassium phosphate 
and 0-005m aminotrishydroxymethylmethane (tris) at 
pH 8-0. Omission of any one of these components resulted 
in extracts of considerably reduced activity. Addition of 
pyruvate, thioglycollate or glutathione to the suspending 
medium did not increase the activity of the extracts. 

After disintegration, the mixture was centrifuged for 
30 min. at approximately 3000 g at 0°. Under the condi- 
tions used the supernatant contained 1-4-1-6 mg. of N/ml. 
and possessed all the enzymic activity of the disintegrate. 
The supernatant was used either as such or after dialysis 
against 1-5% (w/v) KCl+0-005m phosphate. Undialysed 
extracts lost about 50% of their activity overnight at 2°, 
but dialysed extracts retained almost full activity for 24 hr. 
at 2°. 

The activity of extracts depended markedly on the 
method by which the cells were grown. The most active 
preparations were made from bacteria grown with limiting 
tryptophan and incubated until the amino acid was ex- 
hausted. Cells harvested before tryptophan had been 
completely utilized gave extracts of very low or no activity. 

Special chemicals. Anthranilic acid was recrystallized 
twice from water and gave a single diazotizable spot on 
paper chromatograms. Calcium pyridoxal phosphate, 
purity 70%, was obtained from the California Foundation 
for Biochemical Research. It was used as such after it had 
been established that the small amount of calcium did not 
affect the reactions under study. Two samples of adenosine 
triphosphate (ATP) were used: (a) disodium ATP, 98% 
pure, from Pabst Laboratories, and (b) barium ATP, about 
75% pure, prepared according to LePage (1949) and con- 
verted into the sodium salt by precipitating the barium 
from an acid solution with sulphate. 

Triphosphopyridine nucleotide (TPN) and diphospho- 
pyridine nucleotide (DPN), both 98-100 % pure, were from 
Pabst. Laboratories. 


Analytical methods 


Indole and anthranilate. After precipitation of protein 
with trichloroacetic acid and centrifuging, the super- 
natant was made alkaline and extracted with two volumes 
of toluene. Indole was determined in a sample of the toluene 
layer by the method of Umbreit, Wood & Gunsalus (1946), 
and diazotizable matter in a sample of the water layer 
(Bratton & Marshall, 1939). Colour intensities were deter- 
mined with the Klett-Summerson photoelectric colori- 
meter. 

Total nitrogen. The method of Johnson (1941) was 
used. 

Bacterial nitrogen. This was determined from the turbidity 
in the Muenier photoelectric colorimeter, which had been 
calibrated against known concentrations of bacteria. 
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Absorption spectra. These were determined with the 
Beckman model DU spectrophotometer. 

Chromatography. Ascending chromatography was carried 
out on Whatman no. | paper, with butanol or isopentanol, 
both saturated with water, as solvents. Spots were re- 
vealed by spraying with Ehrlich reagent (Tabone & Robert, 
1948) or by exposing the papers to nitrous fumes and 
spraying with a mixture of equal parts of 0-5% ammonium 
sulphamateand0-5 % N N-diethyl-N’-«-naphthylpropylene- 
diamine. 


RESULTS 
Growth characteristics of mutant strains of Esch. coli. 


The growth requirements of the Esch. coli mutants 
used in this study are summarized in Table 1. N- 
Acetylanthranilate, N-methylanthranilate, phenyl- 
glycine and o-aminoacetophenone were examined 
also as possible intermediates in tryptophan bio- 
synthesis, but they did not support the growth of 
any mutants. 

A bacterial mutant may, during growth, liberate 
intermediates in the synthesis of the compound 
which it requires for growth, further metabolism of 
these intermediates being prevented by the enzymic 
deficiency of the mutant. The culture supernatants 
were therefore examined for the presence of 
materials reacting in the Ehrlich or diazotization 
tests. The accumulation experiments were carried 
out in media containing limiting concentrations 
of tryptophan. The compounds described below 
accumulated in significant amounts only towards 
the end of growth and the best yields were obtained 
when cultures were incubated for 3-4hr. after 
exhaustion of tryptophan. The results are sum- 
marized in Table 1. 





Table 1. Growth requirements and accumulations 
by Esch. coli wild types and mutants 
Strain Growth requirements Accumulations* 
W None Trace of indole 
ML None Trace of indole 
M 121-35 Anthranilate, indole None 
or tryptophan 
M 19-2 Indole or tryptophan Anthranilate 
B37 Indole or tryptophan Anthranilate 
ML 304g ‘Tryptophan BDC} and trace of 
indole 
ML 328e =Tryptophan BDC} and indole 


* Diazotizable or Ehrlich-positive material after 16 hr. 
at 37° in Davis medium supplemented with 1-5 x 10-°m 
L-tryptophan. 

fT See text. 





Strains B 37 and M 19-2, which grew on either 
indole or tryptophan, produced large amounts of 
a diazotizable compound in their culture super- 
natants. This compound was extracted by ether 
from culture media at pH 6 but not at pH 9, 
supported the growth of M121-35, and had the 
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same spectrum in the ultraviolet as anthranilate. 
The colour produced in the Bratton—Marshall test 
had the same spectrum as that produced by 
anthranilate. The compound moved as anthranilate 
on paper chromatograms and was inseparable from 
anthranilate when mixtures were chromatographed. 

Mutant ML 328e, which grew only on trypto- 
phan, produced large amounts of a compound with 
the properties of indole, and a substance which 
reacted in the Bratton—Marshall test to give a blue 
compound with an absorption maximum at 
620 mp. compared with 545 mu. for anthranilate. 
Compounds with this property will be referred to 
as BDC. Strain ML 304g, with similar growth 
requirements, produced BDC, but only traces of 
indole, which may have arisen from a slight break- 
down of tryptophan. 


Growth substance in ML 304g growth 
supernatant 


Tabie 2. 


The growth supernatant from ML 304g was extracted 
once with an equal volume of toluene and twice with ether 
to remove indole. Samples were then: A, sterilized by 
filtration; B, heated with 0-05N-HCl at 100° for 10 min., 
neutralized and sterilized by filtration; C, sterilized by 
autoclaving. Each fraction was tested against mutants of 
Esch. coli in the manner described by Hirsch & Cohen 
(1953). 

Fraction 
1-5 ml. added 
to 5 ml. of ~ 


Growth after 16 hr. 
(Muenier units) 





c F y 

test medium B 37 M 19-2 M 121-35 
A 0 0 0 
B 0 29 28 
C 0 121 116 
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Attempts to isolate BDC have so far been un- 


successful. It was extremely labile in acid solution, 
being destroyed within 10 min. at room temper- 





ature and pH 5. Partial destruction occurred at | 


neutral or alkaline pH at 100—120°: it was stable 
for several weeks at 2° at neutral pH. The sub- 
stance was not extracted by ether, toluene, iso- 
pentanol or butanol at neutral pH and was 
destroyed by shaking with chloroform. It was not 
precipitated by magnesium, barium, cuprous or 
mercuric ions. 

Autoclaved growth-supernatants of ML 304g 
and ML 328e, from which indole had been removed 
by extraction with toluene and ether, supported 
the growth of M 121-35 and M 19-2 (Table 2). The 
growth factor responsible was largely destroyed by 
acid under conditions that also destroyed BDC. 
The growth factor was apparently accumulated in 
a labile, non-utilizable form, since supernatants 
sterilized by filtration were inactive unless boiled 
for about 10min. No attempt has been made to 
isolate the growth factor or establish its identity 
or non-identity with BDC. No anthranilate was 
detected in supernatants of ML 328e or ML 304g. 


Indole synthesis by washed suspensions 


Washed suspensions of M121-35, ML 304g, 


) 


ML 328¢e and wild types W and ML metabolized | 


anthranilate aerobically in the presence of glucose. 
B 37 and M 19-2 did not metabolized anthranilate. 
Only with ML 328e was indole formation demon- 
strated. With M121-35 and wild types indole 
accumulation was prevented by a secondary con- 
version of indole into unknown products (‘Trudinger 
& Cohen, 1956), which was about ten times as 


Table 3. Metabolism of anthranilate by washed cells of ML304g and ML 328e 


Basic system contained 0-02 tris, pH 7-8, and 100 umoles of glucose in a volume of 5 ml. Incubated 1 hr. with aeration. 


Changes in 


Anthranilate 


Indole 


Strain (mpmoles/ (mpmoles/ BDC 
Expt. (mg. of N) Changes in conditions 5 ml.) 5 ml.) (Klett units)* 
1 ML304g None — 0 +100 
(3-5) + 1 umole of anthranilate 1000 0 +770 
+0-5 umole of anthranilate - 500 0 +310 
+0-5 umole of anthranilate; no glucose 55 0 + 10 
2 ML328e None —- + 13 _— 
(1-5) No glucose — + 10 
+1 mole of anthranilate — 600 - 176 
+1 pmole of anthranilate; no glucose - 60 - 40 
3 ML328e None — + 12 - 
(0-9) +50 moles of phosphate — 19 -- 
+1 mole of anthranilate -— 510 190 - 
+1 pmole of anthranilate +50 umoles of 
phosphate - 670 100 
4 ML328e None — 39 0 
(3-0) +1 mole of anthranilate — 1000 +350 +410 
+1 pmole of anthranilate in vacuo - 100 0 0 


* Klett units after diazotization, with the 540 mu. filter. 
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rapid as anthranilate removal. B37 and M 19-2 
also metabolized indole but the reaction could not 
-be demonstrated with either ML 328e or ML 304g. 
Washed suspensions of ML 304g produced no 
indole from anthranilate, but instead a BDC, 
similar to that found in growth media of this 
strain, accumulated (Table 3). No growth factor 
, for M121-35 or M 19-2 was formed. Washed sus- 
pensions of ML 328e also produced BDC as well as 
\indole. Anthranilate could be estimated in the 
presence of BDC after destruction of the latter with 
acid. However, the optical density at 545 mp. of 
diazotized mixtures of anthranilate and BDC was 
up to 20% less than the sum obtained when each 
was diazotized alone, and varied with the ratio of 
’anthranilate to BDC. Thus a quantitative study of 
| BDC formation could be made only when little or 
no anthranilate remained in the reaction mixture. 
Formation of indole and BDC from anthranilic 
acid by ML 328e and ML 304g is shown in Table 3. 
Other experiments showed that the optimum 
concentration of glucose was 1-2x10-?m. Phos- 
+ phate increased slightly the rate of anthranilate 
{removal but decreased indole production. Other 
/ experiments indicated that phosphate increased the 
yield of BDC at the expense of indole. The small 
amounts of indole and BDC formed in the absence 
of anthranilate were probably due to synthesis 
of anthranilate by the washed suspensions (see 
Trudinger & Cohen, 1956). BDC was not formed 
from indole by washed suspensions of either 
1 ML304g or ML328e. 
The formation of indole by ML328e exhibited 
‘a slight lag period compared with anthranilate 
removal. BDC formation paralleled indole forma- 
tion. In tris buffer, pH 7-8, about 50% of the 
anthranilate removed was converted into indole. 
Although indole production lagged behind an- 
thranilate production no diazotizable materials 
other than anthranilate were detected chromato- 
‘graphically (cf. extracts below). Microbiological 
tests for intermediates with M 121-35, M19-2 and 
B37 were also negative. 


Indole synthesis by cell-free extracts 

Effect of ATP. ATP was essential for the con- 
version of anthranilate into indole by freshly pre- 
{pared extracts. The concentration of ATP for 
maximum activity was about 2:°5x10-°m. At 
higher concentrations of ATP the rate of indole 
production fell markedly (Table 4). This was 
apparently not due to impurities, since two samples 
of ATP from different sources gave the same con- 
|centration pattern. ATP combines strongly with 
|a number of metal ions (Raaflaub, 1954, 1955; 
Cohn, 1954). However, the inhibition of indole 
synthesis by ATP could not be reversed by the 
addition of either MgCl, or MnCl, up to 10-2. 


| 
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Inorganic phosphate. Although the enzyme pre- 
paration contained phosphate, the activity was 
increased by the further addition of inorganic 
phosphate (Table 5). After dialysis for 2 hr. 
against 1-5 % (w/v) KCl the system was completely 
dependent on phosphate. The optimum concentra- 
tion was 0-7-1:0 x 10-2m. As with ATP, relatively 
small increases in phosphate above the optimum 
reduced markedly the rate of indole synthesis. 





Table 4. Effect of AT'P on indole synthesis 


Reaction mixture contained 0-025m tris and 001m 
phosphate both at pH 7-95, 0-75% (w/v) KCl, 0-25 umole 
of anthranilate, 25 moles of MgCl,, 25ymoles of «-oxo- 
glutarate, 0-25pmole of pyridoxal phosphate and an 
undialysed extract of ML 328e (2 mg. N) in a volume of 
5 ml. Incubated 2 hr. 


ATP concn. Indole formed 


(mm) (mpmoles) 
0 15 
1-25 65 
1-75 200 
2-50 225 
3-75 190 
5-00 65 


Table 5. Effect of phosphate on indole synthesis 


Reaction mixture contained 12-5umoles of ATP and 
variable amounts of inorganic phosphate. Other conditions 


as for Table 4. 
Indole formed 





(mpmoles) 
Phosphate —_—__——- — 

added Undialysed Dialysed 

(mm) enzyme enzyme* 
0 _— 0 
2-5 60 20 
5-0 120 58 
75 135 98 
10-0 125 104 
12-5 60 — 
15-0 — 73 
17-5 30 _— 
20-0 — 40 


* 2 hr. against 1-5% (w/v) KCl. 


Metals. The freshly prepared enzyme had an 
absolute requirement for magnesium or man- 
ganous ions (Table 6). The optimum requirements 
were about 1-5x10-*m and 2-5x10-*m respec- 
tively. At concentrations four times as great the 
activity was reduced. In the experiment cited two 
different enzyme preparations were used. Other 
experiments have shown that at their optimum 
concentrations both manganese and magnesium 
produced the same activity. Cobalt also stimulated 
and, at its optimum concentration, was about one- 
half as active as either Mn?+ or Mg?*. 

31-2 


484 P. A. TR 


Table 6. Effect of Mg?+ and Mn?+ 
on indole synthesis 


Conditions as for Tables 4 and 5 except that MgCl, was 
replaced by MnCl, or its concentration varied. The enzyme 
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Carbon compounds. Experiments with anthra- 
nilate labelled with C in the carboxy! group have 
demonstrated that the carboxyl group of anthra- 
nilate is lost during its conversion into indole 
(Nyc, Mitchell, Heifer & Langham, 1949). Two 





was not dialysed. ; : 
, carbon atoms are therefore required in the trans- 


MgCl, _ MnCl, —_ formation. Freshly prepared extracts were active 
(mm) (mpmoles) (10-4 m) (mpmoles) in the absence of added carbon donors, but were 
0 0 0 0 stimulated by the addition of either pyruvate or | _ 
0-5 60 0-5 8 members of the tricarboxylic acid cycle. After \ 
a. so ee = 2hr. dialysis the activity was markedly reduced, , 
2-5 120 50 os but was increased by a number of compounds, of 

5-0 120 7-5 83 which «-oxoglutarate, pyruvate and oxaloacetate 
10-0 98 10-0 65 were the most effective. Malate, fumarate, succinate, 
é 





Table 7. Effect of pyridoxal phosphate and anthranilate on indole synthesis 


Conditions as for Tables 4 and 5 except that the concentrations of pyridoxal phosphate and anthranilate were varied; 
enzyme was dialysed 2 hr. against KCl-phosphate. ,Results expressed as mymoles of indole formed. 


Pyridoxal 


Anthranilate (molarity) 





phosphate 
(molarity) 
4x10-5 
2x10-5 
4x10-5 
8 x 10-5 
1-6 x 10-4 
2-4 x 10-4 


c 


Expt. 
1 


9 


Pyridoxal phosphate and substrate. The activity of 
freshly prepared extracts was stimulated three- to 
four-fold by the addition of pyridoxal phosphate, 
but after 2 hr. dialysis against KCl—phosphate an 
absolute requirement was observed. Maximum 
activity was obtained when the concentrations of 
substrate and pyridoxal phosphate were of the 
same order (Table 7, Expt. 2). At 4x10—°m 
pyridoxal phosphate the rate of indole synthesis 
was reduced when the anthranilate concentration 
was increased above 5 x 10-5m (Table 7, Expt. 1). 
This fact, with the relatively high concentration of 
pyridoxal phosphate required for optimum activity, 
suggested an interaction between the co-enzyme 
and substrate similar to that described by Jakoby 
& Bonner (1953) for a number of other amino 
compounds. That this was so is indicated in Expt. 2 
of Table 7. With 1-5x10-4m anthranilate about 
four times the concentration of pyridoxal phos- 
phate was required for optimum activity as with 
5x10-°m anthranilate. Further, at the lower 


concentration of anthranilate, high concentrations 
of pyridoxal phosphate depressed the rate of indole 
synthesis. It should be noted, however, that at 
higher anthranilate concentrations the rate of 
indole synthesis in the presence of an optimum 
concentration of pyridoxal phosphate was still 
significantly less than that at low substrate levels. 


5x10-° 2x 10-4 


10-4 1-5 x 10-4 
160 135 90 55 
105 — 45 — 
145 — 70 — 
148 — 90 
125 i 105 = 
95 — 107 _ 


Table 8. Effect of carbon compounds 
on indole synthesis 


Conditions as for Tables 4 and 5 except that «-oxoglu- 
tarate was replaced by other carbon compounds. Expts. | 
and 2: enzyme dialysed 2 hr. against KCl-phosphate. 
Expt. 3: enzyme dialysed 24 hr. 


Indole formed (mpmoles) 
a ee 
5x 10-*m 

Expt. Additions No DPN DPN added ' 
1 None 10 — 
a-Oxoglutarate 130 — 
Pyruvate 120 _- 
L-Malate 70 — 
Fumarate 72 — 

Oxaloacetate 120 — ' 

2 None 8 _ | 

a-Oxoglutarate 186 — | 

pDL-Lactate 40 — 
Succinate 80 — 

Citrate 56 _ | 

3 None 25 20 | 

a-Oxoglutarate 196 48 
Pyruvate 200 50 
L-Malate 30 120 
Oxaloacetate 195 — 
Citrate 25 22 
pDL-Lactate 22 20 
Succinate 25 _ 
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citrate and lactate were less active, and ethanol, 
formate and acetate were inactive (Table 8). After 
dialysis for 24 hr. only the three keto acids were 
active by themselves, the activity being almost the 
same as with fresh extracts in their presence. 
Malate stimulated after the addition of DPN. In 
only a few cases has it been possible to reduce to 
zero the activity in the absence of added carbon 
donors, indicating the presence in most extracts of 
a poorly diffusible or bound carbon donor. The 


/ optimum concentration for «-oxoglutarate was 


about 5 x 10-*m (Table 9), and that for pyruvate 
was about the same. In some _ preparations 
pyruvate was less effective than «-oxoglutarate; 
the latter was therefore generally used in these 
experiments. 


Table 9. Effect of «-oxoglutarate concentration 
on indole synthesis 


Conditions as for Tables 4 and 5 except that the concen- 
tration of «-oxoglutarate was varied; enzyme dialysed 
24 hr. against KCl—phosphate. 


a-Oxoglutarate Indole formed 
(mm) (mymoles) 


0 2 
0-5 20 

80 
105 
113 
118 
120 
120 


Table 10. Effect of cocarboxylase on anthranilate 
metabolism 


Conditions as for Tables 4 and 5 except in Expt. 2, where 
anthranilate concentration was 6 10-4mM; enzyme un- 
dialysed. 

Expt. 2 
myumoles of 
‘anthranilate’/5 ml. 





Expt.1 — —————, 
mmoles of Acid- 

Additions indole/i ml. Noacid treated* 
None 200 2630 2945 
Pyruvate (25 »moles) 205 2620 3000 
Cocarboxylase 203 2650 3040 

(10 wg./ml.) 

Pyruvate + 110 1300 3000 


cocarboxylase 


* Heated for 10 min. at 100° after addition of HCl and 
before addition of nitrite in the Bratton—Marshall test. 


Effect of DPN and cocarboxylase. With pyruvate 
or «-oxoglutarate as carbon donor indole forma- 
tion was inhibited by the addition of 5x 10-‘m 
DPN (Table 8). DPN also reduced the rate of 
removal of diazotizable material and did not 


promote removal of indole by the extracts. The 
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rate of indole production in the presence of either 
a-oxoglutarate or pyruvate and DPN was less than 
that in the presence of malate and DPN (Table 8); 
malate also partly reversed the inhibition of indole 
synthesis in the presence of «-oxoglutarate or 
pyruvate. The inhibition could not be reversed by 
increasing the concentration of carbon donors, and 
did not appear to involve removal of carbon donors 
by side reactions. The mechanism of inhibition has 
not been further investigated. 

Indole production in the presence of pyruvate 
but not of «-oxoglutarate was inhibited by the 
addition of cocarboxylase. In the presence of 
pyruvate and cocarboxylase anthranilate was very 
rapidly converted into non-diazotizable material, 
which after heating with acid regenerated a com- 
pound that diazotized and reacted on the chro- 
matogram as anthranilate (Table 10). This suggests 
that a decarboxylated product of pyruvate reacted 
with the amino group of anthranilate to render it 
less available for indole synthesis. 

Effect of other cofactors. Extracts dialysed 24 hr. 
against KCl-phosphate were fully active in the 
presence of the cofactors already described. No 
further increase in activity was obtained on the 
addition of coenzyme A, «a-lipoic acid, TPN, 
vitamin B,., biotin or an extract of boiled Esch. coli 
cells. 

Effect of pH. The rate of indole synthesis was 
optimum between pH 7-9 and 8-2 in tris buffer 
(Table 11). 


« 


Table 11. Effect of pH on indole synthesis 


Conditions as for Tables 4 and 5 except that pH was 
varied. 
Indole formed 


pH (mpmoles) 
6-50 35 
6-82 60 
7-25 90 
7°75 128 
7-95 140 
8-22 140 
8-70 100 
9-00 70 


Course of reaction. The course of indole synthesis 
and removal of diazotizable material with time is 
shown in Fig. 1. The removal of diazotizable 
material with time indicated the formation of acid- 
labile, non-diazotizable compounds. If protein was 
precipitated at 0° and centrifuging and diazotiza- 
tion were carried out rapidly, low colour values 
were observed after the reaction had proceeded for 
10-15 min. These values were very irregular. After 
standing 5-10 min. in dilute acid at room temper- 
ature the diazotizable material in the reaction 
samples increased sharply until a stable point was 
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reached. Values obtained in this manner are 
plotted in Fig. 1. The removal of diazotizable 
material proceeded in an irregular fashion, prob- 
ably owing to the formation of intermediates that 
reacted in the anthranilate test. Chromatography 
of samples, taken when indole synthesis was about 
30% complete, showed the presence of a material 
with a lower R, than anthranilate. This compound 
has not been identified. 


250 
200 


150 


mp moles/5 mi. 


0 30 60 90 
Time (min.) 


120 150 180 

Fig. 1. Course of indole synthesis with time. Conditions as 
for Tables 4 and 5; undialysed enzyme (2-2 mg. of N). 
Curve 1: diazotizable material after acid treatment (see 
text) expressed as anthranilate. Curve 2: indole. 


The product of anthranilate metabolism. In- 
sufficient material was available to enable isolation 
of the product of anthranilate metabolism, but the 
following properties suggest strongly that the 
compound was, in effect, indole. The compound was 
steam-volatile and extractable by toluene, ether, 
benzene and chloroform under alkaline conditions. 
The product from a number of tubes was steam- 
distilled and concentrated from the distillate by 
extraction with ether. All Ehrlich-positive material 
was removed by this means, and the following 
properties were determined on this solution: 
(1) The compound supported the growth of 
M 121-35, M 19-2 and B37, but not of ML328e nor 
ML304g. The relationship between the colour 
intensity in the Ehrlich test and growth of B37 
was the same as for authentic indole. (2) In the 
presence of serine and tryptophan desmolase (an 
aged, dialysed extract of B37) the compound was 
converted into a substance reacting as tryptophan 
(i.e. supported the growth of ML328e and ML 304g) ; 
the tryptophan formed, estimated microbiologic- 
ally, was equivalent to the Ehrlich-positive 
material originally present, expressed as indole. 
(3) The compound had a similar absorption 
spectrum in the ultraviolet to indole. (4) The 
absorption spectra of the Ehrlich colours from the 
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compound and indole were identical over the 
range 400—700 mz. 

Indole formation in other strains of Esch. coli. 
Anthranilate was converted quantitatively into 
indole by extracts of ML304g. No formation of 
BDC was detected. The reaction occurred also in 
dialysed extracts of M121—35 and wild types W 
and ML. In undialysed extracts tryptophan was 
formed instead owing, no doubt, to the presence of 
serine or serine precursors in the extracts. No 


The growth studies with ML304g supernatant 
suggested that M 19-2 may be blocked at a different 
point from that of the other mutant requiring indole 
or tryptophan. The effect of mixing extracts from 
the two strains was tried. No indole synthesis or 
anthranilate removal was obtained in_ these 
experiments. 

Effect of extracts on BDC. Extracts of ML328e 
did not synthesize indole when incubated with 
either fresh or autoclaved solutions of BDC, 
produced by the action of washed suspensions of 
ML 328e on anthranilate. 

Tryptophan desmolase in Esch. coli mutants. The 
results of the growth studies lead to the conclusion 
that ML328e and ML304g lack tryptophan des- 
molase, the enzyme condensing indole and serine to 
tryptophan. This was confirmed by a survey of the 
enzyme in Mickle extracts of the various strains 
used. Under conditions where extracts of wild 
types or other mutants converted 2-3 umoles of 
indole into tryptophan in 30 min. neither ML 304g | 
nor ML328e allowed significant conversion in 3 hr. 
These extracts were prepared from cells grown in 
limiting tryptophan and had little or no trypto- 
phanase activity. 


- 


DISCUSSION 


The results reported in this paper demonstrate 
that Esch. coli possesses the enzymes necessary for 
the conversion of anthranilate into tryptophan, 
with the intermediate formation of indole. Further, 
the accumulation of anthranilate by growing B37 
and M19~-2 and its formation by washed cells of 
B37 (Trudinger & Cohen, 1956) indicate that this 
compound, or a derivative of it, is an intermediate 
in the synthesis of indole by this organism. The 
rapid conversion of anthranilate into acid-labile, 
non-diazotizable compounds by extracts may mean 
that free anthranilate is not the actual inter- 
mediate in indole formation. 

The failure of Rhuland & Bard (1952) to demon- 
strate indole synthesis from anthranilate in 
washed suspensions of Lb. arabinosus may have 
been due to further metabolism of indole, which 
they showed occurred readily in their system. Their 
incubation times also were relatively short (usually 


activity was found in extracts of M19—2 or B37. 
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30 min.) and corresponded to the ‘lag’ period in 
indole formation observed for Esch. coli in the 
present work. 

Since tryptophan was not formed from indole 
and serine by washed suspensions, Rhuland & 
Bard concluded that the condensation reaction is 
not operative in Lb. arabinosus. However, this con- 
clusion, based on results with whole cells, is not justi- 
fied. Although tryptophan could not be detected 
when whole cells were incubated with indole and 
serine (see Trudinger & Cohen, 1956) the condensa- 
tion occurred readily in extracts of Esch. coli. 

The position of BDC in the biosynthetic chain is 
not clear. The following facts indicate that it is a 
side product of the reaction: (a) no growth factor 
was formed concurrently with its production by 
resting cells of ML304g; (6) extracts of ML328e 
did not synthesize indole from BDC or its auto- 
claved product; (c) no BDC was detected during 
indole synthesis by extracts. Since BDC is not 
formed from indole or by B37, it would appear 
that BDC is most probably a derivative of a com- 
pound formed before indole and after the point at 
which B37 is blocked. 

Although enzymic studies did not confirm the 
point, the growth-stimulating properties of ML 304g 
growth supernatants suggest that M 19-2 is blocked 
at a different point from B37. Thus on present 
evidence the biosynthetic chain may be illustrated 
by the following scheme (the interrupted lines 
indicating the metabolic blocks in the mutants): 


B37 


I 


I 
' 
' 
I 
¢ 


M 121-35 M 19-2 


The results with cell-free extracts suggest that 
the carbon donor required for the conversion of 
anthranilate into indole may be a keto acid or a 
derivative of a keto acid. Although in well- 
dialysed extracts no metabolism of keto acids 
could be detected, it should be emphasized that to 
obtain significant activation of indole synthesis, the 
keto acids were required at about 20 times the 
concentration of anthranilate. Thus a sufficient 
amount of a derivative of the keto acid could be 
produced without causing a detectable decrease in 
the keto acid concentration. It is unlikely that 


a-oxoglutarate acts after prior conversion into 
pyruvate, since (a) preparations were obtained in 
which «-oxoglutarate was superior to pyruvate, 
and (b) cocarboxylase inhibits the reaction in the 
presence of pyruvate but not in the presence of 
«-oxoglutarate. 
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The inactivity of other members of the tri- 
carboxylic acid cycle in well dialysed extracts and 
in the absence of other cofactors suggests that if 
conversion of «-oxoglutarate and pyruvate into a 
common donor takes place it does not do so via the 
tricarboxylic acid cycle. Alternatively, the prime 
reaction may involve an interaction of either keto 
acid with anthranilate (or a derivative). The 
removal of excess of carbon atoms could then 
occur after the addition, and would obviate the 
necessity for prior metabolism of the keto acids. 
Since this work was completed Yanovsky (1955a, 6b) 
has reported that extracts of Esch. coli synthesize 
indole from anthranilate, utilizing as a carbon 
donor 5-phosphoribosylpyrophosphate or a deri- 
vative of this compound. That a two-carbon unit 
may be involved in the transformation has been 
suggested by Harley-Mason (1955) by analogy 
with the chemical combination of N-methyl- 
anthranilate with glycollic aldehyde to form N- 
methylindole. 

The low production of anthranilate, indole and 
BDC during the early stages of growth of Esch. coli 
mutants was apparently due to an inhibition of the 
biosynthetic chain by tryptophan. Growth-factor 
levels of the amino acid (10->m) almost completely 
inhibit the synthesis of anthranilate by washed 
suspensions of Esch. coli (Trudinger, unpublished 
results). Wright & Skeggs (1945) have also obtained 
evidence that the rate of tryptophan synthesis in 
growing Lb. arabinosus is reduced in the presence of 


ML 328e 
| 
' 
! 
B ——~ Indole Se Tryptophan 


' 
ML 304g 
BDC 


an external supply of the amino acid. These 
findings lend support to the proposal of Novick & 
Szilard (1954) that the rate of amino acid bio- 
synthesis in the bacterial cell is conditioned by the 
internal concentration of amino acids other than 
by simple mass-action effects. 


SUMMARY 


1. Anthranilate, indole and a compound (BDC) 
that gives a blue colour in the test for anthranilate 
have been detected in the growth media of some 
Esch. coli mutants blocked at various stages in the 
biosynthesis of tryptophan. 

2. Washed cells of two mutants blocked between 
indole and tryptophan synthesized indole or BDC 
or both when incubated with glucose and anthra- 
nilate. 
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3. An enzyme system converting anthranilate 
into indole has been extracted from Esch. coli. 
The reaction required ATP, inorganic phosphate, 
pyridoxal phosphate, Mg?+ or Mn?+ and a carbon 
donor. Pyruvate and «-oxoglutarate were the most 
effective of the donors studied. 

4. The implication of these results on the 
problem of tryptophan biosynthesis is discussed. 


The author wishes to thank Dr G. N. Cohen for his 
constant encouragement and advice, Dr B. Nisman for 
discussions and a generous supply of ATP, Dr M. Raynaud 
for providing laboratory facilities, and the Australian 
Government for a C.S.I.R.O. overseas scholarship. 


REFERENCES 


Bonner, D. M. (1951). Cold Spr. Harb. Symp. quant. Biol. 
16, 143. 

Bonner, D. M. & Yanovsky, C. (1951). J. 
603. 

Bratton, A. C. & Marshall, E. K. (1939). J. biol. Chem. 128, 
537. 

Cohn, M. (1954). In Mechanism of Enzyme Action, p. 247. 
Ed. by McElroy, W. D. & Glass, B. Baltimore: Johns 
Hopkins Press. 

Davis, B. D. (1951). J. biol. Chem. 191, 315. 

Davis, B. D. & Mingioli, E. 8. (1950). J. Bact. 60, 17. 

Green, R. D. & Black, A. (1943). Proc. Soc. exp. Biol., 
N.Y., 54, 322. 


Nutr. 44, 


P. A. TRUDINGER 


Harley-Mason, J. (1955). Chem. & Ind. p. 355. 

Hirsch, M. & Cohen, G. N. (1953). Biochem. J. 53, 25. 

Jakoby, W. B. & Bonner, D. M. (1953). J. biol. Chem. 205, 
709. 

Johnson, M. J. (1941). J. biol. Chem. 137, 575. 

LePage, G. A. (1949). Biochem. Prep. 1, 5. 

Monod, J., Cohen-Bazire, G. & Cohn, M. (1951). Biochim. 
biophys. Acta, 7, 585. 

Novick, A. & Szilard, L. (1954). Dynamics of Growth 
Processes, p. 21. Princeton University Press. 

Nye, J. F., Mitchell, H. K., Heifer, E. & Langham, W. H. 
(1949). J. biol. Chem. 179, 783. 

Partridge, C. W. H., Bonner, D. M. & Yanovsky, C. (1952). 
J. biol. Chem. 194, 269. 

Raaflaub, J. (1954). Helv. physiol. acta, 12, C88. 

Raaflaub, J. (1955). Helv. chim. acta, 38, 184. 

Rhuland, L. E. & Bard, R. C. (1952). J. Bact. 63, 133. 

Rydon, H. N. (1948). Brit. J. exp. Path. 29, 48. 

Schweigert, B. 8. (1947). J. biol. Chem. 168, 283. 

Schweigert, B. S., Sauberlich, H. E., Baumann, C. A. & 
Elvehjem, C. A. (1946). Arch. Biochem. 10, 1. 

Snell, E. E. (1943). Arch. Biochem. 2, 389. 

Tabone, J. & Robert, D. (1948). Ann. Inst. Pasteur, 74, 
136. 

Trudinger, P. A. & Cohen, G. N.(1956). Biochem. J. 62,488. 

Umbreit, W. W., Wood, W. A. & Gunsalus, I. C. (1946). 
J. biol. Chem. 165, 731. 

Wright, L. D. & Skeggs, H. R. (1945). J. biol. Chem. 159, 
611. 

Yanovsky, C. (1955a). Biochim. biophys. Acta, 16, 594. 

Yanovsky, C. (19556). Science, 121, 138. 


The Effect of 4-Methyltryptophan on Growth and Enzyme Systems 
of Escherichia coli 


By P. A. TRUDINGER* anp G. N. COHEN} 
Institut Pasteur, Garches, France 


(Received 2 August 1955) 


During the study of the mechanism of tryptophan 
synthesis by Escherichia coli, the possibility of 
using 4-methyltryptophan (4-MT) as a blocking 
agent was examined. This compound has been 
reported to inhibit competitively the utilization of 
tryptophan for protein synthesis in Bacterium 
typhosum (Fildes & Rydon, 1947). However, 
certain discrepancies between the results of these 
workers and our own led to a more detailed analysis 
of the inhibition and, in particular, the effect of 
4-MT on enzyme systems. 

The results of this work are reported in this 
paper. 

* Present address: Division of Plant Industries, 
C.S.1.R.0., Canberra A.C.T. Australia. 

+ Present address: Institut Pasteur, Paris, France. 


MATERIALS AND METHODS 


The strains of Esch. coli, general growth conditions and the 
methods for indole and anthranilic acid estimation have 
been reported in the preceding paper (Trudinger, 1956). 

Cell-free tryptophan desmolase was prepared from 
Esch. coli strain ML, grown 16hr. in aerated mineral 
medium (Davis & Mingioli, 1950). The bacteria (about 
200 mg. dry wt.) were suspended in 10 ml. of 3% (w/v) 
KCl and shaken for 30 min. at 0° with 5g. of no. 12 
Ballotini glass beads in the Mickle vibrator. The super- 
natant, after centrifuging for 15 min. at approx. 3000 g, 
was used in undialysed form. It contained no trypto- 
phanase activity. 

Cell-free tryptophanase was prepared in a similar manner, 
except that the bacteria were grown in a broth consisting 
of 1% peptone, 0-5% yeast extract (Difco) and 10-°m 
L-tryptophan in distilled water. 
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RESULTS 


Effect of 4-MT on growth of Esch. coli. The 
growth of wild-type Esch. coli strain W was in- 
hibited by 4-MT at concentrations above 10->M. 
This inhibition was reversed in a non-competitive 
manner by t-tryptophan (Table 1). Maximum 
reversal occurred at 5-7-5 x 10-7m tryptophan over 
a 100-fold range of 4-MT concentrations. The only 
evidence that 4-MT inhibited tryptophan utiliza- 
tion was the fact that at high levels of 4-MT 
(above 10-*m) the maximum growth in the 
presence of tryptophan was 10-20% lower than 
that in the absence of the inhibitor. 


Table 1. Inhibition of growth by 4-MT ; reversal 
by tryptophan 


4-5 ml. of medium (Monod, 1942) in 16cm. x 1-8 cm. tubes 
and containing the appropriate amounts of tryptophan 
and 4-MT was inoculated with 0-5 ml. of a suspension of 
Esch. coli, strain W, prepared as described by Hirsch & 
Cohen (1953). The tubes were incubated for 16 hr. at 37° 


without shaking. is ; i : 
Growth in Muenier units 





10-5 


Molarity of 4-MT ... 0 10-3 10-4 
Tryptophan 
(molarity) 
0 95 0 0 0 
10-5 _— 83 90 — 
5 x 10-6 _- 83 94 97 
107% 82 97 90 
7-5 x 10-7 —_— 76 90 95 
5 x 10-7 — 59 77 78 
10-7 -— 6 21 33 
5 x 10-8 — = 28 


Mutants of Esch. coli, deficient in tryptophan 
(including M 121-35 and M19-2 derived from W), 
required about 10-*m tryptophan for observable 
growth. On the other hand, about half this con- 
centration of tryptophan allowed full growth of 
strain W in the presence of 4-MT. Further, in 
the presence of 4-MT and trace concentrations 
(6x 10-°m-10-7m) of tryptophan, growth con- 
tinued for 3—4 days, although none occurred in the 
absence of tryptophan. No evidence for the 
development of strains resistant to 4-MT was 
obtained. Beerstecher (1954) has also reported 
that the inhibition of growth of Esch. coli and 
Lactobacillus plantarum by 5-methyltryptophan 
may be reversed by tryptophan concentrations too 
low to be the sole source of the amino acid during 
growth. It would seem therefore that, once 


growth had been initiated by small amounts of 
tryptophan, inhibition of synthesis of the amino 
acid by 4-MT was no longer complete. The fact that 
at low tryptophan concentrations more growth 
was obtained with decreasing 4-MT concentration 
supports this view. 
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Indole partially reversed 4-MT inhibition when 
both substances were present in low concentrations 
(Table 2). Some evidence was obtained which 
suggested that this reversal was competitive 
(Table 2, Expt. 2), but definite results could not be 
obtained, since at higher concentrations indole 
itself was inhibitory. 


Table 2. Inhibition of growth by 4-MT ; reversal 
by indole 





Conditions as for Table 1. 





4-MT (molarity) 
Expt. Indole ee 
no. (molarity) 0 10-4 10-5 

1 0 93 - 0 

10-3 65 — 13 

5x10-4 84 ~ 32 

5x10-5 — 61 

10-5 — — 56 

2 0 90 0 0 
10-4 — 10 

5x 10-5 _- 24 — 

10-5 - 0 44 

5 x 10-6 — 20 

10-6 - 2 

5x 10-7 - =e 0 





Table 3. Effect of 4-MT on indole metabolism 
by washed suspensions 
The reactions were carried out in 5 ml. of 0-02m phos- 


phate, pH 7-2, for 1 hr. at 37°, with strain M 121-35. 


Expt. 1. (1-6 mg. of cell N, 2-5 wmoles of indole) : 
Indole removed 


Changes in conditions (umoles) 
None 0-16 
+50 moles of glucose 1-46 
In vacuo 0-02 
In vacuo + 50 pmoles of glucose 0-04 


Expt. 2. (3-5 mg. of cell N, 100 umoles of glucose, 
5 umoles of indole, aeration) 
Indole removed 
4-MT (umoles) 
—_— 3-0 
10-*m 0-7 
10->m 1-9 


Anthranilate did not reverse inhibition by 4-MT 
but enhanced the inhibition at concentrations at 
which it itself was not inhibitory. 

Essentially the same results were obtained with 
wild-type Esch. coli strain ML. The growth of 
tryptophan mutants, which required 10~*m or more 
of the amino acid, was inhibited by 4-MT only at 
concentrations above !0-*M. 

Effect of 4-MT on indole metabolism. Indole was 
metabolized aerobically by washed suspensions of 
Esch. coli wild types and M 121-35 in the presence 
of glucose (Table 3, Expt. 1). The nature of the 
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reaction is not known. While serine did not stimu- 
late indole removal nor was tryptophan formation 
demonstrated, it is possible that the reaction in- 
volved a condensation of indole with endogenous 
serine, the tryptophan being further metabolized 
during the experiment. Indole is degraded by a 
rod-shaped, Gram-negative bacterium by a path- 
way involving anthranilic acid, salicylic acid and 
catechol (Sakamoto, Uchida & Ichihara, 1953; 
Uchida, Sakamoto & Ichihara, 1953). Whether 
such a breakdown occurred in the present experi- 
ments has not been investigated. The metabolism 
of indole by washed suspensions was inhibited by 
4-MT (Table 3, Expt. 2). 4-MT was a powerful 
inhibitor of cell-free tryptophan desmolase, the 
enzyme condensing indole and serine to tryptophan. 
The system exhibited the kinetics of competitive 
inhibition (Fig. 1). 50% inhibition occurred when 
the ratio of indole to 4-MT was about 3:1. 


20 


16 





1/s 

Fig. 1. Competitive inhibition of tryptophan desmolase by 
4-MT. Reaction mixture contained 0-02m phosphate, 
pH 7-5, 25umole of L-serine, 20ug. of pyridoxal phos- 
phate and 1-5 mg. of enzyme N in a volume of 5 ml. 
Incubation 10 min. at 38°. Curve 1, 3-3 x10-!m 4-MT 
added; curve 2, no 4-MT. s=pmoles of indole/ml. at 
zero time. v = zmoles of indole/ml. removed in 10 min. 


4-MT and tryptophanase. 4-MT was itself de- 
composed by extracts containing tryptophanase, 
the enzyme system producing indole from trypto- 
phan. The end product of 4-MT decomposition 
gave a colour in the Ehrlich test similar to that 
given by 4-methylindole. A similar reaction on 
5-methyltryptophan has been described in whole 
cells of Esch. coli (Beerstecher & Edmonds, 1951). 
The decomposition of 4-MT and _ tryptophan 
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appeared to be brought about by the same enzyme 
system since the amounts of indole or 4-methyl- 
indole formed from mixtures of the amino acids 
depended on the ratio of 4-MT to tryptophan. 
With a 40:1 ratio the product was almost entirely 
4-methylindole, while with a 1:2 ratio indole was 
the main product. At intermediate ratios, mixtures 
of indole and methylindole were formed. 4-MT, 
therefore, cannot be considered an inhibitor of 
tryptophanase but at high concentrations will 


the enzyme as a substrate. 

Effect of 4-MT on anthranilate synthesis. In a 
preceding paper (Trudinger, 1956) it was shown 
that various mutant strains of Esch. coli used 
in this laboratory produced indole, anthranilate 
or an unidentified, diazotizable compound (BDC) 
in their growth media. The addition of 10-4m 4-MT 
to the growth media prevented these accumula- 
tions. Further, wild-type Esch. coli, grown in the 
presence of 4-MT and tryptophan, did not produce 
indole as might be expected if 4-MT inhibited only 
indole utilization. Fildes (1938, 1945) demon- 
strated that indole accumulated when Esch. coli 
and Bact. typhosum were grown in the presence of 
indole acrylate, an inhibitor of the conversion of 
indole into tryptophan (Fildes, 1941). This sug- 
gested that 4-MT might inhibit further back in the 
biosynthetic chain. 


Table 4. Effect of 4-MT on anthranilate synthesis 


} 
The reactions were run in 5 ml. of 0-02m phosphate, 
pH 7-5, for 1 hr. at 37° with aeration. Cell N: Expt. 1, ¢ 
1-8 mg.; Expt. 2, 1-5 mg. 


Anthranilate 
Expt. formed 
no. Additions (mmoles) 
1 None 5 
100 pmoles of glucose 70 
Glucose +5 umoles of L-methionine 1020 
Glucose + 5 zmoles of NH,Cl 1040 
Glucose + L-methionine + NH,Cl 1840 
2 (All tubes contained 100 wmoles of 
glucose, 5 umoles of L-methionine 
and 5 moles of NH,Cl) 
— 1300 
10-°m 4-MT 0 
10-*m 4-MT 35 } 
10-°m 4-MT 155 
5x 10-m 4-MT 600 t 


Washed cells of strains B37 and M 19-2, blocked 
between anthranilate and indole, synthesized 
anthranilate aerobically from glucose, methionine 
and NH,Cl (Table 4, Expt. 1). The end product 
supported the growth of the Esch. coli mutant 
M 121-35, which grows on anthranilate, had the 
same absorption spectrum as authentic anthrani- 
late and moved as anthranilate on Whatman no. 1 


prevent tryptophan breakdown by competing for 
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paper irrigated with isopentanol or butanol, both 
saturated with water (Tabone & Robert, 1948). 

The synthesis of anthranilate was inhibited 

strongly by 4-MT above 5x10-*m (Table 4, 
ixpt. 2). 

Effect of 4-MT on the metabolism of anthranilate. 
The synthesis of indole and BDC from anthranilate 
by washed suspensions of ML328e and ML304g 
has been described in the preceding paper (Trud- 
inger, 1956). This reaction was unaffected by the 
addition of 2x 10-4m 4-MT. Anthranilate removal 
and indole formation by extracts of ML328e were 
also unaffected by this concentration of 4-MT. 


DISCUSSION 


From the foregoing results it may be seen that 
4-MT inhibits at least two enzymes involved in the 
biosynthesis of tryptophan, namely tryptophan 
desmolase and an enzyme concerned with the 
synthesis of anthranilate. In addition, 4-MT 
inhibits the production of tryptophan desmolase 
during growth (Monod & Cohen-Bazire, 1953). The 
fact that concentrations of 4-MT below 10-*m do 
not inhibit completely the enzymes involved in 
tryptophan biosynthesis may explain the slow 
growth which occurred in the presence of the in- 
hibitor and subgrowth-factor concentrations of 
tryptophan. However, the reason for the complete 
inhibition of growth in the absence of tryptophan 
is not’clear. 

Although the growth inhibition studies reported 
in this paper suggest that 4-MT primarily inhibits 
tryptophan synthesis, too much reliance should not 
be placed on this type cf approach. The contrary 
results of Fildes & Rydon (1947) have already been 
quoted. Also Marshall & Woods (1952) have 
reported that inhibition by 4-MT of the growth of 
Esch. coli is reversed competitively by tryptophan 
and non-competitively by some tryptophan dipep- 
tides. Both these observations would suggest that 
4-MT primarily inhibits tryptophan utilization. 
On the other hand, Beerstecher (1954) has re- 
ported that tryptophan reversed the inhibition of 
Esch. coli and Lb. plantarum by 5-methyltrypto- 
phan in a non-competitive manner. In these cases 
indole also reversed non-competitively. 

Since 4-MT can, in certain cases, be degraded to 
4-methylindole, it was necessary to exclude the 
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latter as the active inhibitor in these experiments. 
The breakdown of 4-MT occurred only in prepara- 
tions containing active tryptophanase. In the 
growth experiments and enzyme experiments 
involving cells grown on growth-factor levels of 
tryptophan, no production of 4-methylindole was 
detected. 


SUMMARY 


1. The growth of Esch. coli was inhibited by 
4-methyltryptophan (4-MT), and the inhibition 
was reversed by tryptophan in a non-competitive 
manner. 

2. 4-MT inhibited tryptophan desmolase in cell 
extracts in competition with indole. 

3. Extracts containing tryptophanase degraded 
4-MT to a compound reacting as 4-methylindole. 

4. 4-MT inhibited strongly the synthesis of 
anthranilate and indole removal by washed cells of 
Esch. coli. 

5. The conversion of anthranilate into indole 
was not affected by 4-MT. 


The authors wish to thank Dr J. Anatol for a sample of 
4-methyltryptophan and Dr M. Raynaud for providing 
laboratory facilities. One of us (P.A.T.) is indebted to the 
Australian Government for a C.S.I.R.O. overseas scholar- 
ship. 
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A Four-Channel Temperature-controlled Stop-flow Mixing Apparatus 
Adapted for the Beckman Model DU Spectrophotometer 


By R. F. BEERS, Jun. 
Division of Biochemistry, Department of Biology, Massachusetts Institute of Technology, 
Cambridge 39, Massachusetts, U.S.A. 


(Received 6 July 1955) 


Many of the current research problems in the field 
of enzymology are characterized by a need for 
considerable precision in measurements of kinetic 
and equilibrium constants. Frequently this re- 
quirement can be met only with suitably designed 
reactant-mixing devices, such as Chance’s rapid 
stopflow mixer (Chance, 1947). Although the 
emphasis on the design and construction.of such 
equipment has been in the direction of high-speed 
resolution, there are numerous instances in which 
the reaction times observed are of the order of 
a minute or more. In these circumstances the 
rigorous engineering requirements of a mixer are 
not as severe as those in which the time resolutions 
are of the order of milliseconds, or even micro- 
seconds (Chance, 1947). This provides sufficient 
flexibility in the design of the mixing chamber to 
permit the use of multiple-channel systems. The 
advantages of multiple-channel systems are parti- 
cularly apparent in studies of relatively unstable 
enzyme preparations, or in situations where a very 
high degree of accuracy is desired. With multiple 
channels feeding into one mixer it is possible to 
obtain frequent controls in conjunction with the 
experimental studies. This is especially useful in 
inhibition studies. The ideal arrangement permits 
the investigator to make measurements of the 
activity of the uninhibited enzymes a few minutes 
(or seconds for very unstable enzyme preparations) 
before and after the inhibitory study is made. 
A desirable feature of any mixer is an adequate 
temperature control of the mixing and reaction 
chambers. This was incorporated in the two- 
channel mixer of Beers & Sizer (1953), where the 
mixer and reaction vessel were combined in the 
quartz cuvette of the spectrophotometer. 

The present paper describes the design and con- 
struction of a four-channel temperature-controlled 
stop-flow mixing apparatus adapted to the Beck- 
man model DU spectrophotometer. Although it is 
being used for studies of the reactions of catalase, 
it can be used with equal facility in the study 
of any reaction involving absorption-spectrum 
changes. 


EXPERIMENTAL 


The apparatus 


The mixer and temperature-controlled cylinder supporting 
the four syringes, which empty into the four channels 
leading to the mixer, are constructed as one unit and 
fastened by means of adjustable screws to a brass block 
containing the quartz reaction vessel. The quartz vessel is 
supported within the brass block by means of nylon 
bushings. The spent reaction mixture drains from the 
vessel through the base of the brass block. The flow is 
controlled with a needle valve external to the block. Each 





Fig. 1. Temperature-controlled stop-flow mixing appara- 
tus in position. Numbers refer to the parts of the 
apparatus described in the text. 
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Fig. 2. Cut-away section of temperature-controlled stop-flow mixing apparatus. 
Numbers refer to parts of apparatus described in the text. 


of these components of the mixing apparatus is described 
in detail below. The numbers in parentheses refer to 
numbers in Figs. 1 and 2. 

Syringe support and driving mechanism (see Fig. 1). Four 
20 ml. Luer syringes (1) of approximately equal bore are 
supported vertically in a Plexiglas (methacrylate) cylinder 
(2) 8-5 cm. in diameter and 8 cm. high, with a wall thick- 
ness of 0-7 cm. The cylinder is joined at the bottom by 
means of trichloroethylene to a Plexiglas base plate (3) 
10 x 10 cm. Within the cylinder on the base plate is a thin 
sheet of Bakelite (4), which acts as a light-seal over the 
mixer. A square cover (5), 14-5 x 14-5 cm., with a recessed 
ring to receive the top edge of the cylinder, is clamped to 
the cylinder by means of four nylon screws (6). These 


extend into Plexiglas extensions (7) fused to the base plate. 
A tight seal is obtained with a rubber gasket (8) between 
the cover and the cylinder. An inlet (9) and an outlet (9) 
are provided in the wall of the cylinder for circulating the 
cooling fluid. The barrels of the syringes (1) are inserted 
through four holes (10) in the cover, the centres of which 
form a square approximately 3-5 x3-5cm. Each hole is 
lined with a rubber grommet to assure a watertight seal. 
The ground-glass tips of the syringes are inserted into 
precision-ground tapered holes (11) in the base plate (3) 
(see Fig. 2). It is important that the fit of the cylinder 
through the grommet be tight enough to hold the syringe 
securely in the tapered joint of the base plate and to prevent 
leakage of circulating fluid round the barrel of the syringe. 
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Materials 


Crystalline beef-liver catalase. This was supplied by the 
Worthington Biochemical Co. 

Bacterial catalase. This was prepared from Micrococcus 
lysodeikticus by the procedure described by Herbert & 
Pinsent (1948). 

Hydrogen peroxide. Superoxol (Merck) was used. 

Buffer. Phosphate buffer (0-02M) was used. 


Procedure 


Standardization of recorder circuit. The power supplies to 
both the spectrophotometer and the recorder are turned on 
for at least 30 min. before use. The density scale is set at 
50% transmission and the sensitivity is set at some inter- 
mediate value. For tracking purposes it is desirable to 
keep the sensitivity rather high to damp the fluctuations of 
the ammeter needle. The resistance R, is varied until the 
recorder pen falls on the 5 mv position. For finer adjust- 
ment the sensitivity-control knob may be used. Linearity 
of response of the recorder to the density scale is then 
checked by varying the percentage transmission from 
approximately 10 to 90%. Non-linearity usually indicates 
one of two possibilities: (a) the spectrophotometer or the 
recorder is not earthed properly; (6) the potential divider is 
drawing excessive current. An additional check may be 
obtained as follows: Set the selector switch at position 1, 
open the shutter and balance the spectrophotometer with 
the slit width, then disconnect the potential-divider circuit. 
Any deviation of the ammeter needle as a result of this 
manoeuvre indicates a current leak in the system. After 
these operations have been completed the spectrophoto- 
meter is used in the normal manner. 

Operation of the stop-flow mixer. The syringes are filled 
via the horizontal channels (21) by the Tygon (polyvinyl 
plastic) tubing. In the majority of studies we have con- 
nected the channels directly with the reservoirs of material 
which are kept in vessels supported in the water bath. 
Thus a simple manipulation of the stopcock and the syringe 
plunger is all that is required to fill the syringe. In a typical 
experiment the four syringes can be filled with solutions 
A, B, C, D: A contains the enzyme and buffer; B contains 
the substrate and buffer; C contains the substrate, buffer 
and an inhibitor; D contains buffer. If the inhibitor ab- 
sorbs in the ultraviolet this absorption must be corrected 
for in the determination of the optical-density values. The 
exit needle valve is closed. The plunger block is fixed in a 
position which will allow the syringe plungers to be lifted 
to the 20 ml. mark on the syringes. Two syringes are filled 
with solutions A and D and the corresponding stopcocks 
opened directly into the mixing chamber. Care must 
be taken that the two remaining stopcocks do not open 
into the mixer but into the horizontal channel, or are 
closed completely. The set screws of the plunger platform 
are released, and with pressure exerted centrally on the 
platform the needle valve is opened. Approximately 15 ml. 
of material is flushed through the reaction vessel. The 
Beckman dark current and slit width are adjusted in the 
normal manner with the wavelength set at 2090-22004 for 
hydrogen peroxide measurements. This operation is re- 
peated to make certain that the optical control is the same. 

Syringe D is then emptied, usually back into the reservoir, 
and the filling procedure is repeated with solutions A and 
B. The selector switch is set at no. 1 position and the chart 


R. F. BEERS, JUN. 


1956 


motor is turned on. Approximately 6 ml. of combined 
solutions A and B is emptied intothe mixer. The tracking of 
the optical density is begun immediately, usually within 
a second after the needle valve is closed. Successive kinetic 
runs can be made with the same solutions, A and B, or 
alternate kinetic runs can be made with solutions A and B, 
and A and C, respectively. During the filling procedure it 
is important that the temperature of the material in the 
Tygon tubing and reservoirs be approximately the same as 
that of the mixer. Otherwise, up to 6 min. may be required 
to bring the temperature of the solutions in the syringes to 
a steady state. Because the reaction vessel is not in close 
thermal contact with the temperature-controlled brass 
block, it is necessary to bring this rapidly to a steady 
temperature by flushing solutions through it. This is 
normally accomplished while the Beckman instrument is 
optically balanced. 

There have been no problems in cleaning this apparatus. 
No grease is used in the syringes and only occassionally is 
a detergent used to clean the system. The solutions used 
must be free of any insoluble material which might block 
the jets. Before the quartz tube is inserted in position it is 
cleaned thoroughly with a detergent and then with boiling 
nitric acid. Provided that no fatty material is used in the 
reagents it is not necessary to repeat this procedure. 
Oxygen-gas bubbles remain the major source of difficulty. 
However, if the surface of the quartz vessel is hydrophilic, 
these bubbles do not adhere to the walls, but rise freely in 
the solution to the top of the reaction vessel. The presence 
of such bubbles can be readily detected by the erratic 
fluctuations of the ammeter. For the most part these 
fluctuations can be damped out by the operator. 


RESULTS 


Accuracy and speed of mixing. The accuracy of 


mixing has been studied by comparing the optical ; 


densities of an absorbing solution (hydrogen 
peroxide at 21004) in one syringe mixed with water 
in each of the three remaining syringes. The 
accuracy of mixing with any given pair of syringes 
is precise. The ratios of volumes ejected from each 
syringe are 

1-000: 0-992 + 0-002: 0-986 + 0-001 : 0-990 + 0-002, 


reflecting the small differences in bore diameter of 
each syringe. Uncorrected, the maximum error is 
less than 1%. 

The speed of mixing has been tested in two ways. 
First, the time and amount of material required to 
flush the reaction vessel completely were deter- 
mined and found to be approximately 6 ml. in 
i sec. or less. The time-limiting factor is not the 
mixer but the rate of flow in the reaction vessel. 
Secondly, two solutions with large differences in 
refractive index, namely, water and saiurated 
(NH,),SO, solution, were mixed. After the initial 
flushing of the reaction vessel, the optical density 
showed no fluctuations due to currents in the 
solution. We may conclude that, within the limits 
of error detectable by the optical system of this 
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instrument, the mixing is complete in the mixing 
chamber before the material reaches the reaction 
chamber. 

Temperature control. Of more practical import- 
ance than temperature stability has been the time 
required for the solutions to reach a steady temper- 
ature. We have studied this by measuring the 
temperature-changes within one of the syringes 
and the reaction vessel. The rate of flow of cooling 
liquid was approximately 50 ml./sec. through the 
cylinder and the brass block and cooling coils 
respectively. Increasing the rate of flow by 80- 
100 ml./sec. does not alter the kinetics of temper- 
ature-change appreciably. Fig. 4 shows the rates 
of temperature-change in the syringe and reaction 
vessel respectively. The difference in temperature 
at time #, T,, and at steady state, 7',, where 
AT=T,—T, and T,= 1-5°, is plotted. Because there 
is considerable inertia in the thermopile-recording 
system (large heat capacities and insulation pro- 
perties) these results are only approximate. 
However, they do give the minimum time necessary 
for the syringes and reaction vessel to reach a 
steady temperature. 


Reaction vessel 


Syringe contents 





0 100 200 300 


Time (sec.) 

Fig. 4. Change of temperature of syringe and reaction 
vessel recorded from thermopile output as a function of 
time. The temperature of the circulating fluid, 7',, is 
1:5°. The temperature of the syringe contents or of the 
reaction vessel at time tis 7. AT =T,-T,. 


We observe that the rate of cooling of the re- 
action vessel is considerably slower than that of 
the syringe. The rate of temperature-fall in both 
instances approximates to a first-order equation, 
Le. the rate of temperature-change is proportional 
to the temperature. Raising the initial temper- 
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ature to 45° increases the initial rate of temper- 
ature-fall in the syringe, but as AT’ approaches 10° 
the rate approaches that seen in Fig. 4. The 
average minimum time required for the temper- 
ature of the syringe to reach a steady state is 
6+1 min. This is, of course, diminished consider- 
ably if the solutions are at the approximate 
temperature of the water bath. 

During steady state at 1-5°, the temperature of 
the reaction vessel is approximately 0-5° higher 
than that of the syringe. At higher temperatures 
this difference vanishes. The stability of the 
temperature is a function almost exclusively of the 
water bath. It can be held to within 0-1° or to the 
limit of accuracy of the temperature-recording 
system. 

Kinetic studies. Two types of experiments are 
described to illustrate the reliability of this 
apparatus. One advantage that the apparatus 
possesses is the speed with which a series of rate 
curves can be obtained. This reduces the errors 
resulting from enzyme instability. Table 1 shows 


Table 1. First-order velocity constants for the de- 
composition of hydrogen peroxide by bacterial 
catalase, pH 7-0, 0-02Mm phosphate buffer, 2-4° 
The rate curves were obtained in groups of approxi- 

mately seven, i.e. the syringes were filled once every six or 

seven consecutive kinetic runs. 


107k (sec.?) . 

——— ee — _ — 

Expt. 1 Expt. 2 
2-67 1-60 
2-67 1-63 
2-60 1-67 
2-70 1-58 
75 1-63 
2-63 1-60 
2-63 1-63 
2-62 1-68 
2-59 1-70 
2-60 1-60 
2-68 1-63 
2-60 1-56 
2-68 1-62 
san 2-R5 10-027 (s 1-60 
Mean 2-65 + 0-027 (s.p.) 1-60 
1-62 
1-69 
1-60 
1-59 
1-64 


Mean 1-62--0-024 (s.D.) 


the accuracy with which one can determine the 
first-order velocity constant, ky), for the decomposi- 
tion of hydrogen peroxide by catalase. The average 
half-times of the two sets of experiments are 
26:-5+0-4 and 42:9+0-9sece. respectively. In 
general a shorter half-time, not less than 20 sec., 
Bioch. 1956, 62 
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results in a greater accuracy. Fig. 5 is a reproduc- 
tion of a set of the recorder rate curves at A= 20904. 
In order to obtain the results in Table 1 it was 
necessary to transcribe the percentage transmission 
values in the curves in Fig. 5 to optical-density 
values and replot the results in the usual manner 
(Beers & Sizer, 1952). Under most conditions the 
standard error can be kept to less than +2% and 
frequently lower than +1%. A sufficient number 
of points can be obtained in 20sec. for one rate 
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curve. Thus one can obtain a series of rate curves, 
numbering up to 7, with one filling of the syringes 
in a little over 2 min. 

The second type of experiment, demonstrated 
by the inhibitory action of NaCl on catalase, in- 
volves first derivatives of the rate of decomposition 
of hydrogen peroxide (see Beers, 19556; Beers & 
Sizer, 1956). In this study the optical density, at 
A= 20904, of the reaction mixture was obtained 
every 10 sec. in a total of twelve kinetic runs. The 
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Fig. 5. 


time. The breaks in the curves result from switching the input to the recorder from the spectrophotometer to the 
thermopiles A (bath) and B (reaction vessel) respectively. The reaction followed is the first-order decomposition 
of hydrogen peroxide by bacterial catalase (Expt. 2 of Table 1). 
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Reproduction of chart recording of percentage transmission of Beckman DU spectrophotometer as a function 
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average of optical densities every 10 sec. was then 
determined, and from successive pairs of optical 
densities the observed first-order velocity constant 
of decomposition of the substrate was calculated. 
This is plotted in Fig. 6. The rate of decrease in the 
first-order velocity constant is seen to be very 
smooth and to follow very closely a first-order 
equation. These results are to be compared with 
those of Beers & Sizer (1956). 





0 20 40 60 


Time (sec.) 


Fig. 6. Change of observed first-order velocity constant, 
ky, of the catalysis of hydrogen peroxide by beef-liver 
catalase in 0-654M-NaCl, pH 6-0, at 1-5°. (], ky versus 
time; O, log ky versus time. Data were obtained from 
twelve consecutive kinetic runs by determining the 
average optical density (log 1/7’) every 10sec. and 
calculating the value of k, from each pair of optical 
densities. 


DISCUSSION 


The instrument described in this paper has been 
designed to study first- and second-order reactions 


with half-times lying between the extremes of 


those studied with the rapid-flow (Hartridge & 
Roughton, 1923), the stop-flow or the accelerated- 
flow (Chance, 1947) methods and those requiring 
no automatic-mixing devices. This range lies 
between 1 and 60 sec. The accuracy of this instru- 
ment in the determination of velocity and equi- 
librium constants is within the range demanded 
by the theoretical considerations of the inhibited 
catalase—hydrogen peroxide systems (Beers, 1955a, 
6). The features of this mixer, which are of parti- 
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cular importance in achieving a high degree of 
accuracy, are as follows: 

(a) Precise determination of zero time. This is 
particularly important in experiments illustrated 
in Fig. 6. In this instance it is possible to know 
accurately the concentration of the substrate at 
specific time intervals after the initiation of the 
reaction. Earlier tracing methods (Beers & Sizer, 
1952), which did not permit this precision, gave 
results that required laborious calculations of 
inhibition-rate constants by the method of least 
squares (Beers & Sizer, 1956). 

(b) Continuous recording. The random error of 
time versus substrate concentration, which is 
particularly troublesome in studying second de- 
rivatives of the substrate concentration (Beers & 
Sizer, 1956), is for practical purposes abolished in 
this recording system. 

(c) Speed and ease of repeating experimental runs. 
The advantage of obtaining many kinetic runs 
over a short interval of time lies in the statistical 
value of such a series. Unfortunately, with few 
exceptions the majority of papers dealing with the 
kinetics of rapid reactions have devoted too little 
attention to the statistical significance of the 
results published. 

(d) Ease of obtaining controls. This feature is 
evident in the results given in Fig. 6, which show 
the inhibition slope passing through the control 
point. The use of controls permits the operator to 
discard promptly results which are the result of 
changes in the controls rather than of the experi- 
mental conditions. 

(e) Temperature control. This is a feature which 
has not been developed extensively in mixers (see, 
however, Dalziel, 1954). 

(f) Versatility. The presence of four channels 
increases the number of possible variations in 
experimental conditions that may be studied. 
These variations can be further increased by the 
use of ‘pre-mixer’ mixing devices in which two or 
more reagents are mixed before being placed in 
a syringe. By this method one can therefore study 
the action of an inhibitor on an enzyme in the 
absence of the substrate. We have used this 
technique for studying the kinetics of inhibition of 
free catalase by sodium chloride. 


SUMMARY 


1. A temperature-controlled four-channel stop- 
flow mixing apparatus has been designed and con- 
structed for use with the Beckman DU spectro- 
photometer. 

2. Each of four syringes empties into a three- 
way stopcock. One stopcock limb is used for filling 
the syringe and the other limb empties into the 
mixer via a small jet. Mixing is completed within 


32-2 
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the mixing chamber before the reagents are 
emptied into the reaction vessel. The accuracy of 
mixing exceeds the limit of resolution of the 
spectrophotometer. 

3. The reaction vessel consists of a cylindrical 
quartz tube held in position with unstretched nylon 
bushings in a brass block adjacent to the cuvette 
housing unit. The flow of material is controlled by 
a needle valve at the exit of the reaction-vessel 
housing unit. Approximately 6ml. of fluid is 
required to flush out the reaction vessel. 

4. Temperature control is maintained with a 
water jacket round the four syringes and with 
cooling channels within the reaction-vessel housing 
unit. Steady-state temperature is reached in the 
syringes in a maximum of 6 min. 

5. The signal from the density-scale slide-wire 
potentiometer of the spectrophotometer is fed 
through a potential divider into a Brown strip- 
chart recorder. As the operator tracks the changes 
in optical density of the reaction mixture the per- 
centage transmission is recorded continuously. By 
means of a mixing switch the temperature of the 
reaction vessel measured with a thermopile is 
recorded at intervals during the reaction time. 
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6. The percentage error (standard deviation) of 
the velocity constant of decomposition of hydrogen 
peroxide by bacterial catalase measured with this 
apparatus is less than + 2%. 

This investigation was supported by research grant 
C-2550 from the National Cancer Institute of the National 
Institutes of Health, Public Health Service, U.S.A. The 
apparatus was constructed by Mr W. G. Strovink and 
Mr J. W. Dunnell. Drawings of the instrument were made 
by Mr P. H. Lund. The author wishes to thank Mrs 
Elizabeth Gaudy for her technical assistance in these 
studies. 
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Studies on Sulphatases 
12. THE ARYLSULPHATASES OF HUMAN TISSUES* 


Beers, R. F. jun. & Sizer, I. W. (1953). Analyt. Chem. 25, 


By K. S. DODGSON, B. SPENCER anv C. H. WYNN f 
Physiology Institute, University of Wales, Newport Road, Cardiff 


(Received 11 July 1955) 


The arylsulphatase activity of ox and rat livers is 
due to three distinct enzymes, which may be 
readily separated and which possess widely 
different substrate affinities (Dodgson, Spencer & 
Thomas, 19556; Roy, 1953, 1954). Two enzymes, 
A and B, are present in the water-soluble material 
of acetone-dried liver and are referred to as the 
‘soluble’ arylsulphatases. The ‘insoluble’ ary]l- 
sulphatase is localized in the microsomes of the 
liver cell and has only been obtained in a soluble 
form by the use of haemolytic surface-active agents 
or by the action of crude trypsin preparations 
(Dodgson, Rose, Spencer & Thomas, 1955a). Both 
rabbit and mouse possessed enzymes 
similarly divided into ‘soluble’ and ‘insoluble’ 
arylsulphatases (Dodgson et al. 19556), but no 
investigation was made into the homogeneity of 
the ‘soluble’ enzyme. 


livers 


* Part 11: Dodgson, Spencer & Williams (1955c). 


As the initial part of a study of human sul- | 
phatases the presence of two ‘soluble’ and one 
‘insoluble’ arylsulphatases in human liver has been 
demonstrated and their characteristics were investi- 
gated. Other tissues have been examined for the 
presence of these three enzymes. 


EXPERIMENTAL 


Enzyme preparation and assay. Post-mortem samples of 
normal livers and other tissues, obtained within 24 hr. after 


death, were frozen at — 15°. Little arylsulphatase activity 
was lost over several weeks at this temperature. Alter- 
natively, acetone-dried powders were prepared. 

The activity of fresh and acetone-dried tissue suspensions 
against potassium p-acetylphenyl sulphate (APS), potas- 
sium p-nitrophenyl sulphate (NPS) and dipotassium 2- 
hydroxy-5-nitrophenyl sulphate (nitrocatechol sulphate, 
NCS) was measured by spectrophotometric estimation of 
the respective liberated phenols (Dodgson et al. 19556). 
Incubation was for 1 hr. at 37-5° in the presence of 0-5M 
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sodium acetate-acetic acid buffer adjusted to the appro- 
priate pH, and the concentration of enzyme suspension was 
such that the spectrophotometric readings corresponded to 
an extinction E [log,,(Z,/Z)] of less than 1. The actual con- 
centration required depended on the substrate used, the 
particular liver specimen and the nature of the enzyme 
preparation, and was determined by preliminary experi- 
ment. 

Sodium acetate-acetic acid buffers were used throughout. 

Detergents. The following were commercial samples: 
Lissapol-N (I.C.I. Ltd.), Triton WR-1339 (Rohm and Haas 
Co. Ltd.), sodium dodecyl sulphate (Light and Co.), 
Empicol (Marchon Products Ltd.), Vykamol and glyceryl 
monostearate (Croda Ltd.), cetylpyridinium bromide and 
cetyltrimethylammonium bromide (B.D.H. Ltd.), Teepol 
530 (Shell Ltd.). 


RESULTS 
‘Soluble’ and ‘insoluble’ arylsulphatases 


The substrate concentration—activity curves ob- 
tained with aqueous suspensions of acetone-dried 
liver acting on APS, NPS and NCS (Fig. 1) showed 


100 [I , 
ee A 

= 80 h nae 
= if 
= 6oH/ 
g 
§ 
—- * 
x 
= 20 


0 "02 04 06 08 10 12 14 16 18 20 22 24 
S$ (1072m) 

Fig. 1. Substrate concentration (S)-activity curves for 
acetone-dried human liver. Incubation was for 1 hr. at 
37-5° in the presence of 0- ‘5M acetate. @, APS, pH 6-9; 
mg, NPS, pH 7-3; A, NCS, pH 6-0. The curves are not 
quantitatively related to each other. 


marked inhibition of activity by excess substrate in 
all cases but gave no indication of the presence of 
more than one arylsulphatase. The pH-activity 
curves (Fig. 2) also appeared to be those of a single 
enzyme. However, the presence of two distinct 
types of arylsulphatases in human liver was demon- 
strated by separating the soluble and insoluble 
components of acetone-dried liver by centrifuging 
an incubated water suspension of the powder, as 
previously described for the rat (Dodgson e¢ al. 
19556). Assay of the whole powder and the 
separated supernatant and debris against the three 
substrates under the respective optimum conditions 
derived from Figs. 1 and 2 showed that the bulk of 
the original NCS activity, but only a small fraction 


of the APS and NPS activities, was present in the 
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supernatant (Table 1). On the other hand, the 
debris retained almost all the APS and NPS 
activity. Confirmation of the separation of the two 
types of enzyme by this procedure was obtained 
from the Michaelis curves of the two fractions 
(Fig. 3). The debris curves for APS and NPS were 





100 _~ 
ee \ */ 
=> 80 
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> 
= 60 ‘ 
2 40 
x 
3 
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0 
45 50 55 60 65 70 75 8-0 
pH 
Fig. 2. pH-activity curves for acetone-dried human liver. 


@. APS (0-005); mg, NPS (0-008m); A, NCS (0-008m). 
Enzyme activity was measured over | hr. at 37-5° in the 
presence of 0-5m acetate adjusted to the required pH. 
The curves are not quantitatively related to each other. 
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Fig. 3. Substrate concentration—-activity curves for the 
debris (QO) and supernatant (()) fractions obtained by 
centrifuging after the extraction of acetone-dried human 
liver with water for 1 hr. at 37-5°. The curves are not 
quantitatively related to each other and were con- 
structed by using APS at pH 6-7, NPS at pH 7-3 and NCS 
at pH 6-0. 
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almost identical with those obtained with whole 
liver and showed the presence of an enzyme 
(‘insoluble’) having a high affinity and activity 
(Table 1) towards these two substrates. The 
supernatant enzyme fraction (‘soluble’) had a low 
affinity and activity for APS and NPS but was 
very active towards NCS (Table 1). The separation 
of the two types of enzyme was not shown clearly 
by the NCS curves, since there was no marked 
difference between whole acetone-dried liver 
(Fig. 1), supernatant and debris. However, in a 
later section it is shown that the NCS activity of 
the debris is mainly due to residual ‘soluble’ type 
enzyme and therefore little distinction between the 
Michaelis curves of supernatant and debris could be 
expected. 


Separation of two arylsulphatases from the 
‘soluble’ enzyme fraction 


The presence of two distinct arylsulphatases in 
the soluble material obtained by incubation (1 hr. 
at 37°) and centrifuging (20 000g for 20 min.) of 
a 10% (w/v) water suspension of acetone-dried 
human liver was demonstrated by paper electro- 
phoresis. Two well-defined bands of enzyme 
activity were separated on horizontally held 
Whatman no. 100 paper over 16 hr. at 220V in the 
presence of 0-1M acetate, pH 5-0, and at an ambient 
temperature of 4°. The enzymes were located by 
visual assessment of the nitrocatechol colour 
obtained after incubation of 1 cm. strips of the 
paper with 1 ml. of 0-016m NCS (pH 5-6) for 1 hr., 
followed by the addition of 2 ml. of N-NaOH. The 
results are shown in Fig. 4. 


Start 
(1) 


| @) 


| @) 


Anode "4°2°3'4 5.6 7 8 9 10 Cathode 
cm. 

Fig. 4. Electrophoretic movement of the arylsulphatases 
of a 10% (w/v) aqueous extract of acetone-dried human 
liver. Enzyme activity was visually assessed following 
incubation for lhr. with (1), 0-016m NCS, pH 5-6; 
(2), 0-006m NCS, pH5-0 (optimum conditions for 
enzyme A); (3), 0-02m NCS, pH 6-1 (optimum conditions 
for enzyme B). The activities shown are approximately 
related to each other. Electrophoresis of 0-05 ml. of the 
extract was in 0-1m acetate, pH 5-0 for 16 hr. at 220v, 
using Whatman no. 100 paper. 
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Table 1. Fractionation of an acetone-dried human liver 
9 450 


NPS 
100 


26 400 
0-88:1:0-32 


Suspension of whole 
acetone-dried powder 


APS 
100 


The activity of each fraction arising from 1 g. of acetone-dried liver was measured in 0 
Activity (ug. of phenol liberated) 20 400 


NCS, pH 6-0, over 1 hr. at 37°. The APS and NPS activities of the ‘soluble’ fr 


ratios quoted for this fraction are therefore only approximate. 
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Alternate freezing and thawing released into 
solution the major part of the NCS activity of fresh 
human liver, and an extract was prepared by thrice 
subjecting a 10 % (w/v) water suspension of liver to 
this treatment, centrifuging at 20 000 g for 20 min. 
and concentrating by freeze-drying. On electro- 
phoresis the extract showed two bands of aryl- 
sulphatase activity, having mobilities identical 
with those given by extracts of acetone-dried liver, 
showing that the separation of two ‘soluble’ 
enzymes is not an artifact of the acetone treatment. 
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Fig. 5. Substrate concentration-activity curves, using 
NCS, for human arylsulphatases A and B. Incubation 
was for 1 hr. at 37-5° in the presence of 0-5m acetate 
adjusted to the appropriate optimum pH (see Fig. 6). 
x, A and B separated electrophoretically from aqueous 
extracts of acetone-dried liver; A, A and B separated by 
acetone fractionation of aqueous extracts of acetone- 
dried liver; O, A and B separated electrophoretically 
from aqueous extracts of acetone-dried kidney. 


The results of the paper electrophoresis suggested 
a means of obtaining a sharp separation of the two 
‘soluble’ enzymes for a study of their character- 
istics. The soluble material of a water-suspension 
of acetone-dried liver, prepared as _ previously 
described, was concentrated ten-fold by freeze- 
drying and 0-05 ml. portions were run on Whatman 
no. 100 papers (5 em. in width) as described above. 
After localization of the enzymes on a small strip 
of one of the papers, sufficient amounts of the 
enzymes could be eluted with distilled water at 4° 
from the relevant portions of three such papers to 
allow the determination of pH-activity or sub- 
strate concentration—activity curves. The curves 
which were obtained (Figs. 5, 6) showed that the 
two enzymes had different characteristics. They 
were, however, more similar to those of the 
corresponding enzymes of rat liver (Dodgson e¢ al. 
1955b) than to those of ox liver (Roy, 1953, 1954). 
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From consideration of their kinetic behaviour the 
human ‘soluble’ enzymes could be termed A and B 
(see Fig. 4) in the same way as the corresponding 
enzymes of rat liver. Measurement under its own 
optimum conditions of the activity of each human 
enzyme, when eluted from the same electrophoresis 
paper, showed that there was approximately as 
much A as B, although individual livers showed 
some variation. This situation is different from that 
in the rat, where the ratio A:B is about 1: 100. The 
NPS curves (Fig. 7) for enzyme A show that this 
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Fig. 6. pH-activity curves, using NCS as substrate, for 
human arylsulphatases A and B. The appropriate 
optimum concentrations of NCS (see Fig. 5) were used, 
and incubation was for 1 hr. at 37-5° in the presence of 
0-5m acetate. x, liver A and B separated electro- 
phoretically; A, liver A and B separated by acetone 
fractionation; O, kidney A and B separated electro- 
phoretically. 
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Fig. 7. Substrate concentration—activity (at pH 6-4) and 
pH-activity (at 0-008m NPS) curves for arylsulphatase 
A prepared electrophoretically from aqueous extracts of 
acetone-dried human liver. Incubation was for 1 hr. at 
37-5° in the presence of 0-5 acetate. 
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enzyme has a low affinity for this substrate, and 
that its kinetic behaviour differs markedly from 
that of the ‘insoluble’ arylsulphatase (Figs. 2, 3). 
The NPS activity of enzyme B was almost neg- 
ligible, and its kinetic properties towards this 
substrate could not be determined with accuracy. 

A separation of the two enzymes of the soluble 
material of liver by acetone fractionation between 
the limits 0-40% (enzyme B) and 50-60% 
(enzyme A) as previously described for the rat 
(Dodgson et al. 19556) gave fractions which had the 
same electrophoretic mobilities as the A and B 
enzymes described above. The kinetic behaviour 
was much the same as that of the electrophoretic- 
ally prepared enzymes (Figs. 5, 6), except that 
enzyme B prepared by acetone fractionation had 
a lower pH optimum than that prepared electro- 
phoretically. This suggested that the former was 
contaminated with enzyme A, although paper 
electrophoresis indicated that enzymes A and B 
prepared by acetone fractionation were largely 
uncontaminated with each other. However, 
appreciable enzyme loss occurs during the electro- 
phoresis and small amounts of contaminating 
enzyme might be completely destroyed. 


The ‘insoluble’ enzyme 


From Table 1 and Figs. 1-3 it is clear that the 
activity of acetone-dried human liver against 
0-005m APS at pH 6-9 and 0-008m NPS at pH 7:3 
is essentially a measure of the ‘insoluble’ enzyme, 
since the activity and competitive power of the 
‘soluble’ enzymes is negligible under these con- 
ditions. 


Table 2. Effects of phosphate and fluoride on the 
activities of enzymes A, B and the ‘insoluble’ 
enzyme 
Activities were measured under the appropriate optimum 

conditions for each enzyme (see Figs. 3, 5 and 6). 

Percentage inhibition 


‘ 


‘Insoluble’ 


Inhibitor - A B 

(0-025 Mm) NPS NCS NCS NCS 
NaH,PO, 25 87 90 93 
NaF 1] 89 34 75 


As with the rat (Dodgson et al. 19556), the once- 
of water-extracted acetone-dried 
liver was contaminated with residual ‘soluble’ 
enzymes, since further washings removed NCS 
activity in progressively decreasing amounts but 
did not affect the NPS activity. However, a debris 
which had been washed five times still possessed 
considerable NCS activity that was impossible to 
bring into solution. The major part of this activity 


washed debris 
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appeared to be due to ‘soluble’ enzymes, since it 
was strongly inhibited by 0-025m phosphate and 
fluoride, both of which only slightly affect the NPS 
activities but which are known to inhibit strongly 
the ‘soluble’ enzymes A and B (Table 2). A com- 
plete separation of the ‘insoluble’ enzyme from the 
residual ‘soluble’ enzymes could not be made, 
since it was not possible to obtain the debris 
enzyme in solution. 

Attempted solubilization of the ‘insoluble’ enzyme. 
It has previously been reported (Dodgson et al. 
19556) that the rat ‘insoluble’ enzyme cannot be 
brought into solution by normal methods. This 
also applies to the human ‘insoluble’ enzyme. 
Unsuccessful attempts were made to solubilize the 
enzyme of acetone-dried human liver and of liver 
treated in the following way. 

The liver (80 g.) was macerated in 300 ml. of 
0-5M acetate, pH 7-2, and centrifuged at 2200 g for 
15 min. The cloudy supernatant solution was thrice 
alternately frozen and thawed. The suspended 
particles were aggregated by adjusting the pH to 
5-0 (Dodgson, Spencer & Thomas, 1954), when they 
could be collected by centrifuging at 2200g for 
30min. The precipitate was washed by resus- 
pending in 0-5 acetate, pH 5-0, recentrifuged and 
subsequently freeze-dried. Incubation of these 
preparations with acetate buffers of varying pH, 
saline solutions and glycerol, or treatment with 
acetone or n-butanol (cf. Morton, 1954) did not 
solubilize the enzyme. Treatment with the surface- 
active agents Empicol, Triton WR-1339, cetylpyri- 
dinium bromide, sodium dodecy] sulphate, Teepol- 
530, cetyltrimethylammonium bromide, glyceryl 
monostearate and Vykamol was no more effective 
and, with the exception of Triton, strongly in- 
hibited enzyme activity. Lissapol-N appeared to 
release a small amount of the enzyme into solution 
but was strongly inhibitory. Incubation with 
papain or crystalline trypsin (Light and Co.) failed 
to solubilize the enzyme, but incubation with a 
crude preparation of trypsin (B.D.H. Ltd.) released 
small amounts into solution. 


Distribution of the three enzymes in other tissues 

A number of other tissues were examined for the 
presence of the three enzymes. A primary division 
into ‘soluble’ and ‘insoluble’ enzymes was first 
made as follows: suspensions of the acetone-dried 
powders of the tissues in 0-5m acetate, pH 6-5, 
were incubated at 37° for 1 hr. The concentration 
of the incubation mixture used depended on the 
enzyme activities of the tissues as determined by 
preliminary experiments but, generally speaking, 
varied between 0-25 and 1:5% (w/v). The incu- 
bated suspension was assayed against NCS and 
NPS by using the respective optimum conditions 
obtained for acetone-dried liver (Figs. 1, 2). A 
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portion (15 ml.) of the suspension was centrifuged 
at 22 000 g for 30 min. at 0°. The supernatant was 
separated and the debris washed with a further 
15 ml. of 0-5 acetate, pH 6-5. After centrifuging 
as before, the two supernatants were combined and 
the debris was suspended in 15 ml. of 0-5 acetate, 
pH 6-5. Both debris and supernatant fractions 
were adjusted to the appropriate pH and were then 
assayed against NPS and NCS as described above. 
As explained above, the results obtained with NPS 
are largely indicative of the activity of the ‘in- 
soluble’ enzyme, whereas the NCS results give an 
approximate measure of the two ‘soluble’ enzymes. 


HUMAN ARYLSULPHATASES 


505 


By the use of paper electrophoresis it has also 
been possible to show the presence of two ‘soluble’- 
type enzymes in all the tissues examined. Water 
suspensions (10 %, w/v) of the acetone-dried tissues 
were incubated for 1 hr. at 37° and the supernatant 
obtained after centrifuging at 20 000 g for 30 min. 
was concentrated by freeze-drying. The concen- 
trates, together with a reference liver concentrate, 
were then subjected to paper electrophoresis under 
the conditions described previously. Enzyme 
activity was located after incubating 1 cm. strips 
of the paper with NCS, using two sets of experi- 
mental conditions, namely 0-006m NCS in 1-0m 


Table 3. Fractionation of acetone-dried human tissues to show the presence of ‘insoluble’ 
and ‘soluble’ type arylsulphatases 


The activity of each fraction, arising from 1 g. of acetone-dried tissue, was measured in 0-5M acetate buffer with 0-008 ™ 


NPS (pH 7-3), and 0-008m NCS (pH 6-0) over 1 hr. at 37°. The NPS activities of the soluble fractions were in some cases 
near the lower limits of the sensitivity of the method, and the NPS:NCS ratios quoted for these fractions are therefore 


only approximate. Ranges of activities are given in parentheses. 


Activity of 1 g. of 
whole acetone-dried tissue 
(ug. of phenol liberated) 





No. of 5 A ——_—__—_, 
Tissue samples NPS NCS 
Liver 4 35 550 13 260 
(26 400-46 100) (9 450-16 700) 
Pancreas 3 16 600 8 000 
: (15 000-18 200) (6 700-9 000) 
Kidney 4 13 700 22 750 
(4 480-20 100) (11 050-33 600) 
Lung 3 1 150 4 780 
(730-1790) (2. 520-6 350) 
Brain 4 510 2 900 
(320-720) (2 570-3 450) 
Heart 3 100 2 100 
(60-120) (1 600-2 800) 
Large intestine 1 950 390 
Small intestine 1 2 500 4 200 
Spleen 4 3 500 3 900 


(2 700-6 000) (2 200-5 500) 


Table 3 shows that all the tissues examined con- 
tained both types of arylsulphatases. Since none 
of the tissues can be described as perfectly fresh, 
and in view of the small number of samples 
examined, no absolute quantitative significance 
can be placed on the results. However, the 
pancreas, kidney and liver do appear to be the 
richest sources of both types of enzyme. Moreover, 
the figures indicate that the ratio of the amounts of 
the ‘insoluble’ and ‘soluble’ enzymes in the liver as 
measured by the activity towards NPS and NCS 
(1:0-4) is greater than that observed for most other 
organs, and is very different from the ratio obtained 
for the comparable two enzyme fractions of rat 
liver (1:19-5; see Dodgson et al. 19555). 


ae 
‘Insoluble’ 


Percentage of activity 
of whole tissue 
‘ Ratio of activities NPS: NCS 
(moles of phenol liberated) 


‘Soluble’ 
fraction 


fraction ~~ 
A ‘Insoluble’ ‘Soluble’ 


——“x4 -— -——— Whole 

NPS NCS NPS NCS tissue fraction fraction 
105 26 4 103 1:0°-4 1:0-1 1:11 
78 ll 14 101 1:0°5 1:0-1 1:55 
96 13 4 108 1:1-6 1:0-2 1:49° 
97 16 13 123 1:3-4 1:0°6 1:34 
73 19 13-120 1:4-1 1:0-9 1:176 
77 22 18 123 1:22 1:6 1:150 
94 15 7 98 1:2-3 1:0-4 1:30 
56 28 14 116 1:1-7 1:0°3 1:14 


Fractionation was not practicable 


acetate, pH 5-0 (optimum conditions for enzyme A), 
and 0-02m NCS in 1-0M acetate, pH 6-1 (optimum 
conditions for B). In all the tissues examined, two 
enzymes, whose electrophoretic mobilities and 
behaviour towards the two sets of experimental 
conditions corresponded to enzymes A and B of 
human liver, were present (cf. Fig. 4). The two 
enzymes were not artifacts resulting from the 
acetone treatment, since in the selected cases of 
liver, spleen and heart it was possible to show the 
presence of the same two enzymes by electro- 
phoresis of concentrated aqueous extracts of fresh 
With kidney, the pH 

concentration—activity 


tissue homogenates. 
activity and_ substrate 
curves for the two electrophoretically separated 
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enzymes (Figs. 5, 6) are similar to those obtained closely examined for the presence of an enzyme 
for liver enzymes A and B (Figs. 5, 6), but the with kinetic properties similar to those of ox-liver 
kinetics of the enzymes of other tissues has not enzyme B. No such enzyme has yet been detected. 
been investigated. It has been possible to show that On the other hand, there is no doubt about the 
the slight discrepancies which occur in the pH— comparable nature of ox-, rat- and human-liver 
activity and substrate concentration—activity enzyme A since all show the kinetic anomalies 
curves for the various preparations of enzyme A which were first noted for the ox enzyme (Roy, 
(Figs. 5, 6) are the result of kinetic anomalies 1953). 
which this enzyme exhibits and which it is hoped to The ‘insoluble’ enzyme is very similar to the 
comment on in a later paper. analogous rat enzyme though it appears to be even 
more tightly bound to the cellular particles. 
DISCUSSION Dodgson et al. (1955a) have noted that the rat 
‘insoluble’ enzyme can be solubilized by haemo- 
As in the case of the rat and the ox livers, the aryl- lytic surface-active agents but, with the exception 
sulphatase activity of the human liver can be of Lissapol-N, no such effect was noted with the 
attributed to three distinct enzymes possessing human enzyme. In view of the insoluble nature of 
very different substrate affinities. Two of these the enzyme it is not surprising that Dodgson & 
enzymes (A and B) can be readily solubilized and it Spencer (1954) failed to detect any significant 
is presumed that, as in the rat, they are largely arylsulphatase activity in human urine and serum 
associated with the mitochondrial particles of the when NPS or APS was used as substrate. Urine 
liver cell. The remaining enzyme has not yet been and serum contain an arylsulphatase which is 
obtained in soluble form and is probably micro- active towards NCS, and investigations now in 
somal in origin (cf. Dodgson et al. 1954, 1955b). progress in this Laboratory are directed towards 
Mouse and rabbit livers possess at least two of establishing the nature of the enzymes which are 
these enzymes (Dodgson et al. 19556), and it is responsible for this activity. 
likely that this multiplicity of arylsulphatases is The separate assay of the three enzymes in 
common to all mammalian species. The optimum human tissues will obviously be difficult. By using 
conditions of pH and substrate concentration for APS as substrate a reasonable measure of the 
the three human liver enzymes are listed in Table 4, activity of the ‘insoluble’ enzyme can be obtained. 


Table 4. Optimum conditions of pH and substrate concentration (S) for the ‘insoluble’ and ‘soluble’ 
(A and B) enzymes of rat, human and ox liver 








‘Insoluble’ A B 
es a c a * c me » 

Species APS NPS NPS NCS NPS NCS Reference 
Rat pH 7-2 7-0 58 5-0 6-2 6-0 Dodgson et al. (1955b) 

S 0-007 0-006 0-12 0-008 0-12 0-02 — 
Human pH 6-9 7:3 6-2 5-0 — 6-1 _ 

S 0-005 0-008 0-07 0-006 — 0-02 _ 
Ox pH — — — 4-9 — 57 Roy (1953, 1954) 

S — 0-008* 0-06* 0-003 0-06* 0-06 —_ 


* Determined at - 7-0. 


and may be compared with those obtained for the Siiiiieae & Spencer (1953) have noted in fresh rat 
comparable enzymes of ox and rat livers. With one _ tissues that p-nitrophenol is metabolized to varying 
notable exception, the kinetic characteristics of the extents; caution is therefore necessary when NPS 
enzymes from the different species were similar. is used as a substrate. Similarly, the use of NCS 
The affinity of ox-liver enzyme B for NCS is con- to measure enzymes A and B is also limited because 
siderably less than the corresponding affinities of _ of the ability of certain fresh tissues to metabolize 
rat- and human-liver enzyme, B and indeed, the _ liberated nitrocatechol (Dodgson & Spencer, 1953). 
optimum substrate concentration for ox-liver Further problems are posed by the kinetic ano- 
enzyme B could not be determined since enzyme malies of enzyme A and the presence in fresh 
activity was still increasing linearly when the con- __ tissues of an endogenous inhibitor which Maengwyn- 
centration of NCS was 0-06, the practical limit of Davies & Friedenwald (1954) have shown to be 
the solubility of NCS for enzyme experiment (Roy, phosphate in the rabbit. Apart from these con- 
1954). During the course of the present work the _ siderations it is obviously difficult to obtain more 
soluble fractions of rat and human livers have been than an approximate estimate of the separate 
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enzyme activity when two or more enzymes of 
similar substrate specificities are present. More 
accurate estimates of the respective amounts of A 
and B await the development of methods for the 
quantitative separation of the two enzymes, or 
alternatively the establishment of conditions for 
reducing the activity of one of the enzymes to 
zero without affecting the activity of the other. 

Some evidence has been presented (Dodgson 
et al. 1954) which suggested that the ‘insoluble’ 
enzyme of rat liver was not concerned with the 
synthesis of arylsulphates, but these observations 
were not extended to enzymes A and B. It seems 
likely that the three enzymes, which are so widely 
distributed in various animal tissues, may well 
have some important general function rather than 
a more specific function (e.g. detoxication) which is 
confined to relatively few organs. 


SUMMARY 


1. Human liver and a number of other tissues 
have been shown to possess three different aryl- 
sulphatases. 

2. Two of these enzymes were readily solubilized 
and were comparable to enzymes A and B of rat 
liver. The other enzyme could not be obtained in 
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soluble form and had properties which were very 
similar to those of the microsomal arylsulphatase of 
rat liver. 

3. The three enzymes have been separated from 
each other and their characteristics investigated. 
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Studies on the Acetylation of Human Fibrinogen ’ 


By E. A. CASPARY 
The Lister Institute of Preventive Medicine, London, S.W. 1 


(Received 11 August 1955) 


The effects of substitution and other modifications 
on the biological and physical properties of fibrin- 
ogen have been widely examined in recent years. 
Jaques (1943) investigated the chemical changes on 
iodination and showed that the aromatic residues 
are involved in the reaction. Laki & Mihalyi (1949) 
also studied the effect of iodination, and found that 
under the conditions of their experiments fibrin- 
ogen became incoagulable by thrombin. Physico- 
chemical studies on the polymerization of iodinated 
fibrinogen by Laki & Steiner (1952) demonstrated 
the formation of intermediate polymers differing 
from those formed by untreated fibrinogen, and 
also a change in the pH optima of the various 
stages of association. The action of tyrosinase on 
the components of the clotting system was studied 
by Sizer & Wagley (1951) and Krugelis & Sizer 
(1954); a progressive increase in the clotting time 


of fibrinogen occurred with the period of enzyme 
action. Oxidation by gaseous oxygen increases the 


clotting time of plasma (Palos, 1949). Formalde- 
hyde and potassium permanganate have occasion- 
ally been used to stop the thrombin-fibrinogen 
reaction, but the properties of the modified protein 
have not been investigated. 

In this investigation, human fibrinogen has been 
acetylated under exceptionally mild conditions 
with NS-diacetylthioethanolamine, which reacts 
only with free amino groups (Baddiley, Kekwick & 
Thain, 1952), and the properties of the modified 
protein, its reaction with thrombin and the 
behaviour of mixtures of the acetylated and un- 
treated fibrinogen in the thrombin-fibrinogen 
reaction have been examined. 


MATERIALS AND METHODS 


Fibrinogen. This protein, prepared by the method of 
Kekwick, Mackay, Nance & Record (1955), had clottable 
N values between 97 and 98%, and was essentially free of 
plasminogen and plasmin. 
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Thrombin. Human thrombin was prepared by the 
method of Lyttleton (1954), with the ether-fractionation 
technique. In the later stages of this investigation a more 
purified thrombin prepared by a modified method was used 
(Kekwick & Mackay, unpublished work); the activity of 
this material was 200 u./mg. of protein N. 

Acetylation. The protein to be acetylated was dissolved in 
borate buffer, the pH of which was varied between 8-5 and 
9-6 as required. A slight excess (calculated from the number 
of free amino groups) of NS-diacetylthioethanolamine was 
added, and a shallow layer of the mixture was shaken 
gently under oxygen at 18° for 24 hr. (Baddiley et al. 1952). 
After the reaction was complete all solutions were dialysed 
to remove reaction products and excess of reagents. The 
extent of acetylation was determined by measuring the 
number of residual free amino groups by the van Slyke 
manometric method. Acetyl content was expressed as the 
percentage of total free amino groups acetylated. 

Nitrogen. This was determined by the micro-Kjeldahl 
method, with a Markham (1942) still; a copper sulphate— 
potassium sulphate catalyst digestion mixture was em- 
ployed. The quantities estimated were 0-2-0-5 mg. of N. 

Electrophoresis. Electrophoretic analyses were carried 
out in the Tiselius apparatus at 0°, the diagonal-schlieren 
optical system with monochromatic light, A546 mz., 
being used. Solutions were dialysed against phosphate 
buffer, pH 8 (J, 0-2), protein concentrations being between 
1-0 and 1-5 g./100 ml. Mobilities were determined relative 
to the mobility of the unmodified protein under the same 
experimental conditions. A modified Durrum (1950) 
method was employed for electrophoresis on paper. 

Sedimentation. Ultracentrifugal examinations were made 
in the Svedberg oil-turbine machine at 54 000 rev./min. 
(240 000g) with the diagonal schlieren optical system 
(Philpot, 1938). Solutions were made upeither in phosphate 
buffer, pH 8 (J, 0-2), +NaCl (J, 0-15) or in citrate saline 
(NaCl, 0-88 g./100 ml.; trisodium citrate, 0-37 g./100 ml.). 

Measurement of clotting time. These tests were carried out 
in thin-walled 2 x 2in. tubes immersed in a glass-sided 
thermostat tank at 37°; solutions were given 10-15 min. to 
reach temperature equilibrium before any additions were 
made. Thrombin was added instantaneously by forcing 
a known volume into the test sample of fibrinogen solution 
by means of a capillary pipette attached with pressure 
tubing to a tuberculin syringe; the stop-watch was started 
at the same moment. Thrombin solutions were made from 
reconstituted freeze-dried material and diluted with 
veronal buffer, and the activity of these solutions was 
checked at 20min. intervals during the course of an experi- 
ment. The veronal buffer, pH 7-3 (J, 0-15), contained 
215 ml. of 0-2n-HCl, 14-43 g. of NaCl and 11-74 g. of 
sodium diethyl barbiturate in 2 1. 

Chromatography. Chromatographic analysis was carried 
out by the ascending technique on Whatman no. 4 paper 
with n-butanol-acetic acid—water (4:1:5, v/v) as the solvent 
system. The chromatograms were developed with ninhydrin. 


RESULTS 


Acetylation experiments were carried out at 
various pH values to establish the degree of sub- 
stitution occurring under different conditions. 
There is considerable variation in substitution, 
even over the short pH range studied (Table 1). 
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The reaction was allowed to proceed for 24 hr,, 
assuming equilibrium to be reached in that period. 
In a longer period there is a slightly higher sub- 
stitution (Table 1, no. 3). The unmodified fibrinogen 
contained 0-063 mg. of amino N/mg. of total N 
(240 free NH, groups/340 000 g.); acetylation of all 
the available free amino groups was not attempted. 


Table 1. Effect of pH on the degree of acetylation of 
fibrinogen, and the coagulation time of the products 
obtained 


Acetyl Clotting time 
No. pH (% (sec.) 
1 — — 30-9 
2 8-5 5-1 32-0 
3* 8-5 9-6 38-0 
4 9-2 32-2 106-2 
5 9-6 42-9 No clot in 12 hr. 


All solutions were dialysed against veronal buffer, pH 7:3 
(J, 0-15), for the clotting tests. 


* This sample had a reaction time of 48 hr. with the 
acetylating reagent; the other samples had a standard 
period of 24 hr. 


The acetylated fibrinogens were considerably 
more stable than native fibrinogen in solution, 
especially at 4°; solutions stored at this temper- 
ature for 2 months showed no signs of precipitation. 

On electrophoresis at pH 8 in phosphate buffer, 
I=0-2 (Fig. 1), these samples had only one 


—~ 


Ascending 


ae 


Descending 


Ji 


electrophoresis 


a 
b 


Fig. 1. Sedimentation diagrams and 
patterns of acetylated human fibrinogen. (a) Electro- 
phoresis pattern after 50 ma hr. of a 0-5 % (w/v) solution 
in phosphate buffer, pH 8 (J, 0-2); (b) sedimentation 
diagram after 20 min. at 240000g of a 0-4% (w/v) 
solution in citrate-saline; (c) sedimentation diagram 
after 20 min. at 240 000g of a 0-4% (w/v) solution in 
citrate—saline after preparative ultracentrifuging. Arrows 
show direction of movement. 
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component; the mobility relative to untreated 


fibrinogen increased with the acetyl content 
(Table 2). Sample no. 5 (42-9% acetyl) when sub- 
jected to prolonged electrophoresis at pH 8 still had 
only one component, the electrophoresis diagram 
being similar to that of native fibrinogen under 
these conditions (Kekwick et al. 1955). 


Table 2. Effect of acetylation on the 
electrophoretic mobility of fibrinogen 
, Mobility 
Sample (mm./mA/hr.) 
Control 0-188 
Ac/8-5 0-208 
Ac/9-6 0-257 


Protein concentration 0-66 g./100 ml., by refraction in 
phosphate buffer, pH 8 (J, 0-2). 


In the ultracentrifuge the samples of acetylated 
fibrinogen displayed a major component having 
the same sedimentation coefficient (Sj) ,7) as 
native fibrinogen. A heavy component (Syp, ,, = 18), 
similar to that frequently found in small amounts 
in native fibrinogen, was present to the extent of 
5-10% of the total protein; it was possible to 
remove most of this in a preparative ultracentri- 
fuge (Spinco Model L). There were no noticeable 
differences in the ultracentrifuge diagrams obtained 
with solutions in phosphate—NaCl buffer or citrate— 
saline. 

The effect of acetylation on the clotting pro- 
perties of fibrinogen is shown in Fig. 2. There is 
a pronounced increase in clotting time with even 
quite low degrees of substitution; on interpolation 
for 25 % of acetyl the clotting time is doubled, and 
when 40% or more of the free amino groups are 
acetylated no coagulation takes place. One sample 
of 42-99% acetyl content was incubated with 
thrombin for over 36 hr. without any clot forming. 

In an attempt to elucidate the mechanism of this 
loss of coagulability, experiments were undertaken 
find the effect of adding acetylfibrinogen 
(Table 1, sample 5) on the normal thrombin- 
fibrinogen reaction. In the first series of tests 
fibrinogen and acetylfibrinogen were mixed and the 
thrombin was added to the mixture. The variation 
of clotting time at constant thrombin concentra- 
tion with the quantity of acetylfibrinogen added is 
shown in Fig. 3. It is evident that acetylfibrinogen 
is an inhibitor of the thrombin-fibrinogen reaction, 
and that this inhibition varies in a linear manner 
with concentration over the range studied. Control 
tests with the acetylating reagent alone showed no 
effect on the clotting time, even after incubating 
the reagent with fibrinogen at 37°, pH 7-3, for 
15 min. 


to 
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When thrombin and acetylfibrinogen are incu- 
bated together and native fibrinogen is added to 
samples at intervals, a more marked inhibitory 
effect occurs, increasing with time of incubation 
until a constant level is reached after a period 
depending on the concentration of acetylfibrinogen 


100 
80 


60 


Retardation of clotting time (sec.) 





20 
Acetyl (%) 
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Fig. 2. Effect of acetyl content on clotting time. Fibrino- 
gen concentration 0-1 g./100 ml., thrombin 0-5 u./ml., 
final volume 1 ml. (Clotting time of untreated fibrinogen, 
30-9 sec.) 
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Acetylfibrinogen (mg./ml.) 
Fig. 3. Inhibition of clotting by acetylfibrinogen. Con- 
centration of native fibrinogen 1 mg./ml., thrombin 
1-5 u./ml., final volume 1 ml. 


(Fig. 4). The experiment in Table 3 demonstrates 
the partial reversibility of this effect. A mixture of 
thrombin and acetylfibrinogen was incubated for 
30 min. and a sample diluted. On addition of the 
diluted sample to fibrinogen a shorter clotting time 
was obtained than with an equivalent amount of 
the undiluted mixture. The effect of dilution 
appears to be instantaneous, no further 
decrease in clotting time takes place on incubating 
the diluted sample and testing it at intervals. 


since 
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Attempts to demonstrate the nature of the 
inhibition, by using the clotting time for deter- 
mining the reaction rates, were inconclusive. It is 
difficult to analyse the results by the method of 
Lineweaver & Burk (1934), because clotting times 


Clotting time (sec.) 





10 15 20 30 


Incubation time (min.) 


25 


Fig. 4. Incubation of acetylfibrinogen with thrombin and 
effect on the clotting time. Fibrinogen concentration, 
0-1 g./100 ml., thrombin 0-4 u./ml., final volume 1 ml. 
>, Thrombin incubated with acetylfibrinogen; @, 
control thrombin incubated with citrate—saline. 
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are difficult to determine accurately at low fibrin- 
ogen concentrations. The results obtained by 
plotting clotting time in place of the more usual 
1/v are shown on Fig. 5a. Better results were 
obtained with the method of Augustinsson & 
Nachmansohn (1949), also shown on Fig. 56, the 
ratio of clotting times being used instead of the 
velocity ratio. 

A reaction still appears to take place when the 
acetylfibrinogen is incubated with thrombin 
(Fig. 6); the original picture of the acetylated 
fibrinogen, showing only a trace of heavy com- 
ponent after high-speed centrifuging (Fig. 1c) is 
replaced by that of a definite multicomponent 
system, the proportion of the components varying 
with the time of incubation. The thrombin used in 
these experiments was free from plasmin and 
plasminogen, and the change in properties must 
therefore be due to the formation of some of the 
soluble intermediate polymers in the clotting 
reaction. From the ultracentrifuge experiments it 
was impossible to obtain evidence for the formation 
of any smaller breakdown products. 

Peptide material is liberated by thrombin from 
acetylfibrinogen as with untreated fibrinogen 


Table 3. Reversibility of inhibition by acetylated fibrinogen on dilution 


Solution (a): 1 ml. of thrombin (2-5 u./ml.) 


(i) 0-6 ml. of fibrinogen + 


1 ml. of acetylated fibrinogen (sample 5). 


0-3 ml. of citrate saline + 0-1 ml. of soln. (a). Clotting time 47 see. 


(ii) 1 ml. of soln. (a) +3 ml. of citrate saline incubated and tested at intervals 


Fibrinogen (0-6 ml.) + 0-4 ml. of incubation mixture 


Incubation time (min.) 0 2-5 
Clotting time (sec.) 40-8 41 
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(Lorand, 1951, 1952; Bettelheim & Bailey, 1952). 
Thrombin was allowed to react with comparable 
quantities of acetylated and native fibrinogen 
dissolved in 0-05M ammonium carbonate. Tri- 
chloroacetic acid (to 10% w/v) was added and the 
protein-free supernatant solution obtained was 
extracted with ether to remove the trichloroacetic 
acid. The extracted solutions were then evaporated 
to dryness under vacuum, a procedure which also 


> 
Fig. 6. Sedimentation diagrams after the action of 
thrombin on acetylfibrinogen, after 30 min. at 240 000 g 
of 0-4% (w/v) solutions in citrate-saline. (a) Incubated 
with thrombin (0-5 u./ml.) for 60 min.; (b) incubated 
with thrombin (0-5 u./ml.) for 240 min. 


volatilized most of the salt. The residue obtained 
was examined by electrophoresis on paper at 
pH 4-2 (acetate buffer) and chromatographically 
on paper in x-butanol—acetic acid—water as solvent. 
Two peptides were detected from both native and 
acetylated fibrinogen on developing with nin- 
hydrin. 


DISCUSSION 


The results indicate quite clearly that the substitu- 
tion of acetyl groups into the free amino groups has 
a considerable effect on some of the properties of 
human fibrinogen. The solubility and homogeneity 
of the acetylated protein were not substantially 
different from those of untreated fibrinogen, but 
solutions in the cold were much more stable. 
Electrophoretic analysis in all cases revealed only 
a single component, with the expected change in 
mobility due to the alteration in the number of 
ionized groups. 

The heavier component of acetylfibrinogen is 
almost certainly an artifact produced by the con- 
ditions of reaction on this very labile protein. 
Samples of highly purified fibrinogen have a 
marked tendency to polymerize spontaneously in 
solution on storage, especially in the cold. There is 
also the possibility of intermolecular cross-linking, 
intramolecular —S-S— bonds being reduced by the 
free thiol derived from the acetylating reagent and 
the -SH groups liberated afterwards reoxidizing to 
form intermolecular —S-S— bonds giving rise to 
a polymer (Baddiley et al. 1952). Although the 


acetylation experiments were carried out under 
oxygen to avoid these complications by oxidizing 
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the deacetylated reagent, polymer formation still 
occurred. The two component mixtures normally 
obtained and the material isolated by high-speed 
centrifuging did not differ noticeably in their 
clotting properties. 

The decrease in the rate of clot formation by 
thrombin with increasing substitution, which 
reduces the number of positively charged groups, 
agrees with the view that in the polymerization 
stage of the clotting reaction (Ferry, Katz & 
Tinoco, 1954) molecules are initially oriented and 
possibly later held together by electrostatic forces 
of attraction. Moreover, since the alterations due 
to acetylation affect only the N-terminal «-amino 
groups and the e-amino groups of lysine the results 
suggest that these groups may play a major role in 
the final polymerization process. A very similar 
variation in coagulation properties with the extent 
of chemical modification was observed by Sizer & 
Wagley (1951) after tyrosinase had been allowed 
to act on fibrinogen for varying periods. Laki & 
Mihalyi (1949) state that iodinated fibrinogen is 
no longer clottable by thrombin; later physico- 
chemical studies by Laki & Steiner (1952) show 
that intermediate polymers different from those 
formed from native fibrinogen are produced, and 
that the pH optima of the polymerization reaction 
are changed. 

The effect of acetylfibrinogen on the reaction 
between native fibrinogen and thrombin can be 
explained as a competitive inhibition of the enzyme 
in the first stage of the clotting process. This would 
be in agreement with the work of Sherry & Troll 
(1954), who demonstrated that a synthetic ester 
(toluene-p-sulphonylarginine methyl ester) was a 
competitive inhibitor in the reaction of thrombin 
with fibrinogen. The results with acetylfibrinogen 
indicate that the reversible reactions between 
enzyme and substrate and between enzyme and 
inhibitor proceed at different rates, and that the 
equilibrium in the inhibitor reaction is attained 
more slowly as in the thrombin—acetylfibrimogen 
incubation experiments. The slow reversible re- 
action between thrombin and acetylfibrinogen 
would then effectively reduce the available 
thrombin and slow down the clotting reaction. The 
extent of the inhibition appears to depend on the 
absolute concentration of enzyme and inhibitor in 
the mixture, as was shown by the effect of dilution. 
In contrast to the reaction of thrombin with the 
synthetic ester of Sherry & Troll (1954), acetyl- 
fibrinogen does not lose its inhibitory activity 
during the course of the reaction; it is not removed 
from the system as the reaction proceeds and 
remains capable of combining with thrombin, after 
reacting with thrombin. 

It is of great interest to note that the modified 
protein still reacts with thrombin. The release of 
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peptide material (‘fibrinopeptide’) from acetyl- 
fibrinogen can be demonstrated; the ultracentri- 
fuge data show definitely that some of the heavier 
intermediate polymers are formed in the reaction 
and that only the ‘gel’ stage of clotting is com- 
pletely inhibited. This suggests that the site of 
attachment of thrombin to fibrinogen is on the 
bulk part of the molecule and not on the peptide 
portion split off by thrombin. The strong adsorp- 
tion of thrombin on fibrin leads to the same 
conclusion. 


SUMMARY 


1. Fibrinogen was acetylated under mild condi- 
tions at varying pH, giving materials of varying 
degrees of substitution very similar in physico- 
chemical properties to the native protein. 

2. The clotting properties of the protein are 
modified by the degree of substitution. The 
material is no longer clottable by thrombin when 
the number of free amino groups substituted 
exceeds 35 %. 

3. Acetylated fibrinogen inhibits the reaction 
between thrombin and fibrinogen. This inhibition 
appears to be competitive. 

4. Although the acetylated fibrinogen does not 
form a clot when acted upon by thrombin, a 
peptide is split off and soluble polymers are 
formed. 


E. A. CASPARY 
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The Effects of Anticholinesterases on Oxidative Phosphorylation 
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A number of reports (Rothenberg, 1950, for the 
squid axon; Greig, Faulkner & Mayberry, 1953, for 
the mammalian erythrocyte; Kirschner, 1953, for 
frog skin) indicating the possible importance of 
cholinesterase in relation to cell-membrane perme- 
ability led to an investigation into the effects of 
cholinesterase inhibitors on potassium loss from 
brain slices (Strickland & Thompson, 1955). From 
this work it was concluded that cholinesterase was 
not directly concerned with the prevention of the 
loss of measurable amounts of potassium from 
slices of chicken brain; thus in each case the 
cholinesterase inhibitors DFP (ditsopropyl phos- 

* Postdoctorate Fellow, National Research 
Council of Canada. 
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phorofluoridate), eserine and Nu 1250 (the syn- 
thetic prostigmine analogue, N-p-chlorophenyl-N- 
methyl carbamate of m-hydroxyphenyltrimethyl- 
ammonium bromide) caused potassium loss only 
when a concentration several times greater than 
that necessary for complete inhibition of cholin- 
esterase activity was reached. Some evidence 
suggested that these inhibitors caused potassium 
loss because of their action on the energy-producing 
reactions of the cell. 

In addition to this work on potassium loss, 
Barnes & Denz (1953) and Cavanagh (1954) have 
shown that there is a marked similarity between 
the degenerative changes induced in peripheral 
nerves of the hen by anticholinesterases such as 
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DFP, mipafox (N N’-ditsopropylphosphorodiamidie 
fluoride) and TOCP (tri-o-cresyl phosphate) and 
those caused by. thiamine deficiency. From the 
nature of the biochemical changes in thiamine 
deficiency (Peters, 1936) it appears that the nerve 
lesions, in this case, result from a block in the 
energy-yielding reactions of the neurone by the 
inhibition of pyruvate oxidation. 

The possibility that both potassium loss and 
demyelination induced by anticholinesterases are 
the result of an inhibition of steps concerned with 
the production of energy has given rise to the work 
reported here. More complete observations are 
presented which show that those concentrations of 
cholinesterase inhibitors capable of causing potas- 
sium loss from brain slices also have some effect on 
the respiratory processes of the cell (i.e. O. uptake 
or CO, evolution). Since energy for the maintenance 
of the cell is supplied by means of energy-rich 
phosphate bonds, the effects of several cholin- 
esterase inhibitors on the oxidative phosphoryla- 
tion of homogenates of chicken brain have been 
measured. The inhibitors mipafox, TEPP (tetra- 
ethyl pyrophosphate) and DPDA (NN’-diisopropyl- 
phosphorodiamidie anhydride) have been used in 
addition to DFP, eserine and Nu 1250, already 
mentioned. Of these inhibitors, DFP and mipafox 
are capable of inducing demyelination in chickens 
(Barnes & Denz, 1953). If the demyelination 
induced by DFP and mipafox is due primarily to 
a biochemical lesion of the energy-yielding re- 
actions, then it might be expected that these 
demyelinating compounds should show a more 
marked effect on oxidative phosphorylation than 
the non-demyelinating compounds. 


METHODS 


Experiments relating potassium loss 
and gas measurements 

The preparation of slices of chicken brain, the incubation 
procedure, the estimation of potassium and the measure- 
ment of O, uptake and net CO, evolved were all carried 
out as described previously (Strickland & Thompson, 
1955). 

The media used were as follows: 

Medium 1. The phosphate medium, pH 7-3, containing 
(011m glucose, described by Dickens & Greville (1935). 

Medium 3. The calcium-free phosphate medium, pH 7-4, 
containing 0-011 M glucose, used by Strickland & Thompson 


| (1955). 


Medium 4. The bicarbonate medium, pH 7-4, of Terner, 
Eggleston & Krebs (1950) containing 0-011M glucose and 
-Olm L-glutamate. 


Oxidative phosphorylation 
The system used for measuring oxidative phosphoryla- 
tion was essentially that described by Case & Mellwain 
(1951). 


33 
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Preparation of tissue. Hens were decapitated and the 
cerebral hemispheres rapidly removed and weighed. 
A homogenate of 1 g. of brain in 4 ml. of a 0-6% (w/v) 
KC1+0-5% (w/v) NaF solution was prepared at 0° as 
described by Webster (1954). 

Incubation. Into the main compartment of each Warburg 
vessel were placed 2-0 ml. of a medium having a composi- 
tion such that on dilution to 3-0 ml. by addition of in- 
hibitors, distilled water and the homogenate, the final con- 
centration of each of the components was: glucose, 0-01m; 
adenosine triphosphate (Na salt), 0-001mM; adenosine-5’ 
phosphate (K salt), 0-001m; sodium fumarate, 0-0033m; 
glycylglycine buffer (pH 7-4), 0-083mM; KH,PO,-K,HPO, 
buffer (pH 7-4), 0-0017m; NaF (from homogenate), 0-022, 
and KCl (from homogenate), 0-013mM; MgCl, ,6H,O, 0-017M. 
The homogenate (0-6 ml.) was pipetted into the side arm. 
Strips of filter paper were dipped into 0-2 ml. of 20% KOH 
solution contained in the centre well. The vessels were 
gassed for 3 min. with O, and then placed in the water bath 
at 38°. After 10 min. temperature equilibration the homo- 
genate was tipped into the main compartment. The mano- 
meters were sealed and the O, uptake was measured. After 
incubation for 0 or 20 min., 1 ml. of the reaction mixture 
was quickly transferred to 4 ml. of ice-cold 6-25% (w/v) 
trichloroacetic acid. The protein precipitate was filtered 
off at 0°. 

Estimation of inorganic phosphate. Inorganic orthophos- 
phate was estimated according to the method described by 
Ernster, Zetterstr6m & Lindberg (1950). The following 
procedure was adopted to avoid breakdown of acid-labile 
phosphate esters. The reagents for each analysis (5-0 ml. of 
isobutanol—-benzene 1:1, by vol.; 3-5 ml. of 5% (w/v) 
trichloroacetic acid and 0-5 ml. of 60% (w/v) perchloric 
acid) were cooled to just below 0°. A sample (1 ml.) of the 
clear filtrate was added to the cold reagents, followed by 
0-5 ml. of 10% (w/v) ammonium molybdate solution. 
After standing in stoppered tubes for 1 min., the tubes were 
shaken vigorously for 30 sec. A portion (3 ml.) of the iso- 
butanol—benzene layer, containing the phosphomolybdic 
acid complex, was diluted to 9 ml. with acid—ethanol 
(32 ml. of cone. H,SO,/1. of absolute ethanol) and the blue 
colour was developed by addition of 0-5 ml. of a dilute 
SnCl, solution (1 ml. of stock solution of 10 g. of 
SnCl, ,2H,0/25 ml. of cone. HCl, diluted to 200 ml. with 
n-H,SO,). After colour development for 30 min., the colour 
intensity was read in a spectrophotometer at 730 mu. 


Inhibitors 

Aqueous solutions of the inhibitors were prepared im- 
mediately before use. The cholinesterase inhibitors were 
DFP; DPDA, supplied by the Ministry of Supply, Experi- 
mental Station, Porton, Wilts.; mipafox, obtained from the 
M.R.C. Toxicology Research Unit, Carshalton, Surrey; 
eserine sulphate (British Drug Houses Ltd.); Nu 1250 
(Hoffmann-La Roche and Co.) and TEPP (Albright and 
Wilson Ltd.). 


RESULTS 
The effects of DFP on the loss of potassium and on 
the cholinesterase activity (with acetylcholine as 
substrate) in the same slices under aerobic condi- 
tions are shown in Table 1. It will be seen that in the 
presence of acetylcholine a significant potassium 
Bioch. 1956, 62 
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loss occurs only when this substrate is hydro- 
lysed sufficiently (after 60 min.) to lower the pH. 
Hydrolysis of acetylcholine for a shorter period 
(30 min.) has no effect on potassium loss. At 
10->m DFP, no potassium loss occurs in either the 
absence or presence of acetylcholine, although there 
is a complete inhibition of cholinesterase activity. 
A large loss of potassium becomes noticeable after 
increasing the concentration of DFP to 2 x 10-?Mo. 
The experimental conditions made it possible to 
determine the effects of DFP on potassium loss and 
on cholinesterase activity in the same slices. The 
results augment the findings of Strickland & 
Thompson (1955) and lend further support to the 
conclusion that an increase in the permeability to 
potassium is not directly associated with an inhibi- 
tion of cholinesterase activity. 
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uptake and net CO, evolution (i.e. CO, evolved in 
excess of O, taken up, calculated as Ap x Keo, 
when the gas phase is O,+CO,, 95:5) has been 
measured in the experiments in which the effects 


chicken brain have already been reported (Strick- 
land & Thompson, 1955). The results, expressed as 
means of the percentage inhibitions, are listed in 
Table 2. The negative sign indicates a stimulation 
in either uptake or production of the gas measured. 
Means of the extra potassium loss due to the action 
of these inhibitors have been included in order 
to show more easily the relation between extra 
potassium loss and percentage inhibition of the 
gas taken up or evolved. In general, some effect on 
either O, uptake or net CO, evolution is observed 


Tabie 1. Effect of DFP on the loss of potassium from brain slices in the presence and absence of acetylcholin 


(0-015m ACh) and the corresponding cholinesterase inhibition under aerobic conditions 


Slices incubated under aerobic conditions in the bicarbonate medium, pH 7-4, used by Terner ef al. (1950), i.e. medium 4 
of Strickland & Thompson (1955). K+ in incubating medium was estimated by flame photometry. K loss expressed as 
pg. of K/mg. dry wt./hr. Gas evolved in the absence of ACh was subtracted from the gas evolved in the presence of ACh to 
give a measure of the cholinesterase activity. No. of experiments in brackets. + =extra loss of K by the slices in the 
presence of ACh and/or DFP; — =extra uptake of K by the slices in the presence of ACh and/or DFP. 


Mean change in K loss relative to slices Inhibition of 





of these inhibitors on potassium loss from slices of 


Incubation incubated in absence of ACh and DFP cholinesterase 
DFP conen. period OO activity 
(mM) (min.) No ACh ACh present (%) 

0 30 0 + 0-39 (2) 0 

0 60 0 +4-54 (3)* 0 
10-5 60 —0-71 (4) —0-41 (4) 100 (5) 
10-2 60 + 1-30 (2) —O-11 (2) 100 (2) 
2x 10-2 60 +5-87 (2) +572 (2) 100 (3) 


* Owing to the high hydrolysis rate of ACh the pH decreased to about 6-5. 


Table 2. Effect of cholinesterase inhibitors on potassium loss, oxygen uptake 


and CO, evolution by slices of chicken brain 


Slices incubated as in the experiments reported in Table 2 of Strickland & Thompson (1955). Results for K loss, ex- 
pressed as wg. of K/mg. dry wt./hr., are means of the differences in K loss to the medium in the presence and absence of 


ee er yas measured in presence of inhibitor a s a 
the inhibitor. Percentage inhibition 6 ee +, x 100. The gas measured varied, depending on 
gas measured in absence of inhibitor 
the medium used. No. of experiments in brackets. A negative sign indicates an increased uptake of K or O, or an increased 


evolution of CO,. 
Inhibitor conen. (m) 





2x 10-5 2x 10-4 2x10-% 2x 10-2 
— —_——_— a —_—— t speimmnsioesiins thenpenatisiguntsienten — Co Ammen ——— EY 
Gas Inhibition Inhibition Inhibition Inhibition 
Inhibitor Medium measured K loss (%) K loss %) K loss (%) K loss (%) 
DFP 3 O, uptake z ~ 0-29 (3) 7 (3) -0-41 (3) 6 (3) 4:13(3) 313) 
4 Net CO, ~O-11 (2) -27(2) 0-40 (2) -42(2) 5-61 (2) —390 (2) 
evolution 
Eserine 1 O, uptake + - — 0-10 (3) 3 (3) 0-23 (3) -7 (3) 2-89 (3) 7 (3 
4 Net CO, 0-18 (2) -4(2)  0-57(2) -13(2) 682(2) -81 (2) 
evolution 
Nu 1250 ‘ O, uptake sed ia 0-43 (3)  24(3) 1:19(3)  55(3) 5-43(3) 87 (3) 
4 Net CO,  +0-41(2) -18(2)  2-19(3) -23(3)  653(4) -240(4) 142(1)  — 
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whenever a potassium loss has occurred. The data 
on CO, evolution are only approximate, since small 
differences in the manometer readings produce 
relatively large percentage differences because the 
CO, evolution from the uninhibited sample is not 
great (e.g. 400 pl. of CO,/g. of wet wt. tissue/hr.). 
DFP at 2x 10-?Mm, where a large potassium loss 
occurs, causes a 31 % inhibition of O, uptake and 
a 390 % increase in CO, evolution. Eserine appears 
to have no significant effect on respiration, but at 
2x 10-?m, where a large potassium loss occurs, it 
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genates of guinea-pig brain. This system, as ex- 
pected, responded well to the now classical action 
of 2:4-dinitrophenol (DNP) as an uncoupler of 
oxidative phosphorylation. At 10-®, 10-5 and 10-4m 
DNP, oxidative phosphorylation, as measured by 
P/O ratios, was inhibited 18, 73 and 114% re- 
spectively. By using this system, the effects of 
a number of cholinesterase inhibitors on the P/O 
ratios were measured. The results of these experi- 
ments are shown in Table 3. The percentage inhibi- 
tion of oxygen uptake, of inorganic phosphate 


Table 3. Effect of cholinesterase inhibitors on respiration and oxidative phosphorylation 
of homogenates of normal chicken brain 


Reaction mixture 3-0 ml. Final concentrations of reactants as described under Methods. 0-6 ml. of homogenate pre- 


pared from 1 g. of cerebral hemispheres/4-0 ml. of ice-cold solution containing 0-6% KCl and 0-5% 


NaF added to side 


arm and then tipped into main compartment. Incubation at 38° for 20 min. under aerobic conditions. Reaction stopped 


with trichloroacetic acid. 


O, uptake 


Conen. 


Inhibitor (mM) Expt. 1 Expt. 

DFP 10-4 - 0 
10-3 21 11 

10-2 25 28 

Eserine 10-4 = -l1 
10-* 0 10 

10-2 13 25 

Nu 1250 10-5 -12 5 
10-4 -3 -11 
10-3 9 28 

10-2 45 — 

Mipafox 10-4 2 8 
10-8 -2 6 

10-* 16 14 

DPDA 10-4 -2 4 
10-8 -3 -l 

10-2 5 8 

TEPP 1o-* -7 -2 
10-3 -—14 -1 

10-2 26 37 


% Inhibition of 


P/O ratio 


P esterification 


Expt. 2 


2 Expt. 1 Expt. 2 Expt. 1 

-— 3 l 

8 15 15 5 

63 63 51 48 
— 2 - 2 
12 7 10 -3 
32 46 18 28 
—2 7 8 2 
-2 ll 0 19 
93 *104 92 *105. 
*112 — *120 — 
-l -2 -3 -10 
-8 5 6 0 
1] 18 6 6 
-10 -2 9 3 
2 3 5 3 

60 51 58 46 
12 -5 17 -3 
—22 0 8 ] 
43 49 22 20 


* Inhibitions of more than 100% indicate breakdown of ester phosphates. 


increases by 81 % the CO, evolved from medium 4. 
Inhibition of respiration by Nu 1250 becomes 
evident at 2x 10-4m where potassium loss is first 
noted with medium 4. Respiration is strongly 
inhibited (55%) and CO, evolution very much 
increased (240%) at a concentration (2 x 10-*m) of 
Nu 1250 that produces a large potassium loss. The 
inhibition of respiration increases to 87% at 
2x 10-2m where larger losses of potassium also 
occur. 

The P/O ratios, i.e. (P atoms esterified)/(O atoms 
taken up), for homogenates of chicken brain, 
incubated in the absence of inhibitor, varied from 
0-54 to 0-85. These values are within the range 
reported by Case & MclIlwain (1951) for homo- 


esterified and of the P/O ratios caused by DFP, 
eserine, Nu 1250 (the three inhibitors used in the 
experiments on potassium loss), mipafox, DPDA 
and TEPP are given for two experiments. DFP 
has only a small inhibitory effect on O, uptake 
(25-28%) even at a concentration of 10-?M. 
P esterification, on the other hand, is inhibited 
63%, so that the P/O ratio is inhibited 50%. 
Eserine also has only a small effect at 10-®m. 
Nu 1250, however, showed a more striking effect, 
for at 10-°m P esterification and the P/O ratio 
were almost completely inhibited, whereas O, 
uptake was only slightly inhibited. It will be seen 
that in the concentrations used mipafox has no 
significant effect on the P/O ratio, although at a 
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concentration of 10-*m it causes approximately 
15 % inhibition of O, uptake and of P esterification. 
DPDA, even at 10-*M, has no effect on O, uptake, 
but this concentration inhibits P esterification by 
56% and the P/O ratio by 52%. TEPP begins to 
have some effect at 10-?m, when O, uptake, P 
esterification and the P/O ratio are inhibited 32, 
46 and 21% respectively. In the case of DFP, 
eserine and TEPP, somewhat higher concentrations 
are required to produce an inhibition of O, uptake 
than those reported by Brooks, Ransmeier & 
Gerard (1949) for frog brain. Similarly, 10-?m 
DFP, which causes a 50% inhibition of oxidative 
phosphorylation, is 20 times greater than the con- 
centration of DFP that Abood & Gerard (1952) 
found to cause a complete inhibition of oxidative 
phosphorylation by rat brain. 


DISCUSSION 


The results of Strickland & Thompson (1955) and 
those listed here (Table 1) indicate that inhibition 
of cholinesterase activity does not detectably 
affect the overall permeability of the nerve cell 
to potassium. However, the anticholinesterases 
DFP, eserine and Nu 1250 each cause a potassium 
loss at concentrations considerably greater than 
those required for complete inhibition of cholin- 
esterase. The data in Table 2 suggest that this 
potassium loss is due to some action on the energy- 
producing mechanisms of the cell. In every case 
where a potassium loss has been induced, either O, 
uptake has been inhibited or the CO, evolution has 
increased. This increase in CO, evolution could 
occur either by a stimulation of aerobic glycolysis 
or by an inhibition of O, uptake. Either effect 
indicates some disruption in the normal meta- 
bolism of the cell. 

On extending the investigation to include 
measurements of the effect of these cholinesterase 
inhibitors on phosphorylation and O, uptake by 
homogenates of chicken brain, an even closer 
relation is established between potassium loss and 
a defect in the energy production of the cells of 
the brain. For the three anticholinesterases used in 
the study on potassium loss, the inorganic phos- 
phate esterified is inhibited significantly more than 
the oxygen uptake by concentrations of inhibitors 
approaching those that cause potassium loss from 
brain slices. This would seem to indicate more 
conclusively that these compounds have caused 
a potassium loss by inhibiting phosphorylation, 
a step that is essential in the formation of energy- 
rich phosphate bonds. 

The data for DFP disagree with those of Abood 
& Gerard (1952) for rat brain. They found that 
5x10-4m DFP produced complete abolition of 
oxidative phosphorylation. There seems to be no 
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obvious explanation for this disagreement, but 
species differences and the use of a different 
technique by Abood & Gerard (1952) for measure- 
ment of the inorganic phosphate esterified may 
have had some influence. 

The findings from the experiments on oxidative 
phosphorylation do not help in the explanation 
of the demyelination induced by certain anti- 
cholinesterases. No differential effect on oxidative 
phosphorylation is observed between the cholin- 
esterase inhibitors producing demyelination (DFP 
and mipafox) and those not producing this lesion 
(eserine, Nu 1250, DPDA and TEPP). Further- 
more, the inhibition of oxidative phosphorylation 
noted with DFP occurs at a much higher concen- 
tration than could possibly exist in chickens 
paralysed by injection of this compound. Although 
tri-o-cresyl phosphate (a demyelinating anti- 
cholinesterase) was not studied, these results fit in 
well with the observation by Earl, Thompson & 
Webster (1953) that TOCP in concentrations 
capable of completely inhibiting pseudocholin- 
esterase and inducing demyelination has no effect 
either in vitro or in vivo on glucose or pyruvate 
oxidation. Despite the histological similarity in 
the demyelination induced by DFP and mipafox 
and that caused by thiamine deficiency (Barnes & 
Denz, 1953) it would seem that some other processes 
or enzymic mechanisms must be involved in the 
demyelination produced by these inhibitors. If, as 
seems likely, a particular enzyme is involved, then 
it is quite possible that this enzyme will be similar 
to pseudocholinesterase, an enzyme that is in- 
hibited by all of the demyelinating organo- 
phosphorus compounds (see Davison, 1953; 
Cavanagh & Thompson, 1954). Such an unknown 
enzyme might be an esterase or phosphatase 
intimately concerned with either the synthesis or 
degradation of myelin. 


SUMMARY 


1. The effect of diisopropyl phosphorofluoridate 
(DFP), eserine and Nu 1250 (a prostigmine ana- 
logue) on O, uptake and CO, evolution by slices of 
chicken brain has been related to the potassium 
loss from the slices induced by these compounds. 
In every case when potassium loss has occurred, 
either O, uptake has been inhibited or CO, evolu- 
tion has been stimulated. 

2. Concentrations of DFP, eserine and Nu 1250, 
similar to those which produce potassium loss from 
slices, were found to cause an inhibition of oxidative 
phosphorylation (as measured by P/O ratios) of 
homogenates of chicken brain. 

3. In addition to these inhibitors, the effects of 
NN’-diisopropylphosphorodiamidic fluoride (mipa- 
fox), NN’-diisopropylphosphorodiamidie anhy- 
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dride and tetraethyl pyrophosphate on oxidative 
phosphorylation have also been investigated. 

4. The inhibition of oxidative phosphorylation 
obtained with the six anticholinesterases is dis- 
cussed in relation to the degenerative changes 
which certain of these compounds produce in the 
nervous system. 


We wish to thank the Medical Research Council for a 
grant towards the expenses of this work, and Dr J. M. 
Barnes, M.R.C. Toxicology Research Unit, Carshalton, 
Surrey, for providing us with the sample of mipafox. Our 
thanks are also due to Mr D. E. Jarvis for technical 
assistance. 
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The degenerative diseases affecting arteries have 
received a great deal of attention, and much work, 
both clinical and experimental, has been done on 
such problems as the pathogenesis of atherosclerosis. 
By comparison, little is known about the meta- 
bolism of the normal artery. The histological 
appearances of the artery do not suggest that it is 
a particularly active tissue, but the presence of 
vasa vasorum (i.e. the nutrient vessels of the artery 
wall) in the larger vessels does indicate that a 
moderate amount of respiratory exchange might 
be expected. This expectation has been partly 
confirmed for the rat, both by Lazovskaya (1943) 
and by Briggs, Chernick & Chaikoff (1949). As 
these reports, however, are somewhat conflicting, 
it was decided to reinvestigate the respiration of 
the rat aorta and to extend the work to include 
several other species. In addition, the respiratory 
activity of arterial tissue during the development of 
the embryo chick was studied, and the results of 
this work were compared with changes observed in 
the histological appearance of the arteries during 
the same period of embryological life. 


June 1955) 


MATERIALS AND METHODS 


Respiration method I. The direct method of Warburg was 
used throughout for estimating the oxygen uptake of tissues 
whose dry weights were over 20mg. Krebs solution 
‘Medium II’ was used as the respiration medium (Krebs, 
1950). 

The laboratory animals were killed by stunning followed 
by severance of the vertebral column. A dorsal approach 
was used to expose the aorta, which was rapidly excised 
and placed in a dish containing ice-cold Krebs solution 
surrounded by powdered ice. The blood contained in the 
aorta was immediately removed by washing through with 
the Krebs solution by means of a syringe, and any blood 
and fat adhering to the outer wall were also removed. In 
the experiments carried out on slaughterhouse material, 
a portion of aorta was placed in a bottle containing the ice- 
cold Krebs solution, surrounded by ice in a vacuum flask 
and quickly transported to the laboratory. The measure- 
ment of oxygen uptake was carried out on artery rings, 
approx. 2 mm. in length, so that although the thickness of 
the artery wall varied in the different species used, the 
depth of tissue in the rings was relatively constant. After 
equilibration, the oxygen uptake was measured for 45 min., 
during which period it was found to be linear. 
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Respiration method II. The micro-respirometer devised 
by Cruickshank (1954) was employed in the present work 
for determining the oxygen consumption of tissues whose 
dry weights varied from 0-1 to 10mg. It was therefore 
particularly useful for the work on chick-embryo arteries. 
The medium used by Medawar (1948) in the culturing of 
skin and also used by Cruickshank (1954) was chosen, but 
streptomycin was omitted, since the Qo, was determined 
over only short periods making aseptic conditions un- 
necessary. The medium therefore consisted of 0-5 ml. of 
serum, 0-3 ml. of Krebs-Ringer phosphate, 0-1 ml. of 5% 
glucose solution. Horse serum was used throughout, since 
homologous serum does not appear to be essential for in 
vitro work (Cameron, 1950). 

Chick embryos ranging in age from 6 to 22 days of incu- 
bation were employed. Since the rate of growth of chicks 
varies considerably owing to seasonal and other factors 
(Hamilton, 1952), weight was used as a second criterion of 
development. Accordingly, each chick embryo was weighed 
minus its yolk sac. The truncus arteriosus was removed 
from the very young birds and the corresponding arteries, 
namely, the proximal parts of the aorta and the pulmonary 
arteries, were taken from the more developed specimens. 
The arteries were divided into fragments approximately 
0-5 mm. thick. 
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stained by the following methods: Foot’s modification of 
Hortega’s stain for reticulin, Mallory’s stain and Masson’s 
trichrome stain, both for collagen, Taenzer-Unna orcein 
stain for elastic fibres and Verhoeff’s elastic-tissue stain. 
A description of these methods is given by Edwards (1950), 
All the tissues were given identical treatment, being fixed 
for the same length of time, dehydrated and embedded 
together, cut at the same thickness (10,.), and stained in 
the same jar in sets of six for each stain. 

Measurement of connective tissue. The optical density of 
the Mallory-stained sections was determined by means of 
the EEL major densitometer, the mean reading for two 
spots being taken for each artery. Different spots on the 
same artery gave very similar results. 


RESULTS 


The accuracy of the micro-respirometer was tested 
by determining the Q,, values of yeast in the 
absence of substrate, and of rat arterial slices. The 
results in Table 1 show that the micro-respirometer 
gives values which are similar to those obtained by 
using much larger amounts of the same respiring 
material in the Warburg apparatus. 


Table 1. Comparative results using the micro-respirometer and the Warburg apparatus 
with air as the gas phase 


90/ 


Carbon dioxide was absorbed with KOH (10%, w/v, in the Warburg apparatus and 2%, w/v, in the micro-respirometer). 


Values as Qo, = pl. O,/mg. dry wt. tissue/hr. 


Fresh baker’s yeast in 0-05M-KH,PO, at 25° 


Rat-artery slices at 37° 








c 


No. of 

expts. Range 
Micro-respirometer 3 -8-3 to -8-6 
Warburg apparatus 4 -8-0 to -9-5 


No. of 
Mean animals Range Mean 
— 8-4 3 -1-8to -2-1 -1-9 
-~87 ot —_* a 


* Not estimated in air, but values in O, gave a mean of — 2-43 (see Table 3). 


The medium (0-9 ml.) was pipetted into each glass dish. 
Cruickshank (1954) found that the depth of medium above 
the respiring tissue was of great importance in determining 
accurate Qo, values. This was due to dependence on oxygen 
diffusion, since there was no shaking mechanism. He 
demonstrated that the respiratory rate could be doubled by 
floating the respiring material. In later work (Dr C. N. D. 
Cruickshank, personal communication) the tissue was 
placed on lens paper supported by tantalum-gauze stands, 
so that it was barely covered with medium. This latter 
technique was followed in the present work. The oxygen 
uptake was measured ior 2 hr. after equilibration and was 
found to be linear during this period. In all cases the oxygen 
uptake was calculated per mg. dry weight. The tissues were 
finally washed in distilled water and dried to constant 
weight at 100°. 

Histological methods 


A series of chick embryo arteries similar to those used for 
the respiration studies was subjected to histological exami- 
nation. The ages of the embryos used for this work were 6, 
7, 12, 13, 18 and 21 days of incubation. The tissues were 
fixed in Ringer-formol solution and paraffin sections were 


Further experiments were designed to determine 
whether significantly larger values for the Qo, of 
artery slices would be obtained when using oxygen 
instead of air as the gas phase in the Warburg 
apparatus. For this purpose, the aortas from eight 
rabbits were used, and from the results summarized 
in Table 2 it can be seen that no appreciable 
difference was observed between the two sets of 
results. The remainder of the work with the 
Warburg apparatus was carried out with oxygen 
as the gas phase and the results are summarized in 
Table 3. 

Observations on chick arterial tissue. Values for 
the Qo, of artery slices from twenty-seven chick 
embryos ranging in age from 6 to 22 days were 
determined by means of the micro-respirometer. 
The results are shown graphically in Fig. 1 in 
which Qo, is plotted against age, and in Fig. 2 in 
which Qo, is plotted against weight of chick 
embryos. On these same graphs are shown the 
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reciprocals of the densitometer readings for 
Mallory-stained sections of a series of similar 
chick-embryo arteries, plotted against age and 
weight as before. It will be seen that the curves for 
reciprocals of densitometer readings follow closely 
the Q,, curves in each case. The initial steepness of 
the curves in Fig. 2, in which the abscissae are 
weights of chick embryos, is due to the fact that 


uptake of rabbit-artery slices 
with air or 


Table 2. Oxygen 
suspended in Krebs solution at 37° 
oxygen as the gas phase 


Carbon dioxide was absorbed with KOH (10%, w/v). 
Values as Qo, =pl. O,/mg. dry wt. tissue/hr. 


Gas No. of 

phase animals Range Mean 
Air 4 -16to -2-1 - 1-73 
Oxygen + -—1-:2 to —2-2 — 1-58 


Table 3. Oxygen uptake of artery slices suspended in 
Krebs solution at 37° with oxygen as the gas phase 


Carbon dioxide was absorbed with KOH (10%, w/v). 
Values as Qo, =pl. O,/mg. dry wt. tissue/hr. 





No. of 
Species animals Range Mean 
Rat 6 2-1 to -2-9 — 2-43 
Rabbit 4 1-2 to —2-2 — 1-58 
Sheep 10 -0-40 to —0-68 — 0-55 
Pig 3 0-34 to — 0-49 — 0-43 
Ox 4 - 0:30 to — 0-46 — 0-37 
Q. 
1D) 27 
65}-25 
23 
55+-21 
19 
45-17 
15 
35-13 
11 
2r 9 
7 
15 5 
3 
5+ 0 i 
6 7 8 9 10111213 1415 16 1718 19 20 21 22 
Incubation age (days) 
Fig. 1. O, Relationship between the oxygen uptake of 


embryo-chick arterial tissue and the incubation age of 
the chick. Determinations were carried out at 38° with 
air as the gas phase. Oxygen uptake (Qo,) expressed as 
ul. O./mg. dry wt. tissue/hr. Mean values are given in the 
nine cases where two or more determinations were carried 
out for a particular age; x, relationship between the 


reciprocal of the optical density of Mallory-stained 
sections of embryo-chick arterial tissue (I/D) and the 
incubation age of the chick. 
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the relative increase in weight is more rapid in the 
younger embryos. 

The other stains used for the connective tissue 
components were not so suitable for examination 
by means of the densitometer. A visual assessment 
of the components suggested that, like collagen, 
both reticulin and elastic tissue increased in 
amount with advancing age of the embryo. The 
decrease in cellularity of the arterial wall during 
development appeared to be due mainly to the 
accumulation of collagen. Reticulin and elastic 
tissue contributed relatively less to the extra- 
cellular tissue. 


45-17 


35-13 


11 
al EY 
: Oo 
9 9° 
15 : a ‘ 
i. 
: 5 10 15 20 2 30 35 40 
Weight of chick embryo (g.) 

Fig. 2. O, Relationship between the oxygen uptake (Qo,) 
of embryo-chick arterial tissue and the wt. of the chick. 
Determinations were carried out at 38° with air as the 
gas phase. Oxygen uptake expressed as yl. O,/mg. dry 
wt. tissue/hr.; x, relationship between the reciprocal 
of the optical density of Mallory-stained sections of 
embryo-chick arterial tissue (I/D) and the wt. of the 
chick. 


DISCUSSION 


It is evident from the results obtained with adult 
material that the artery is a moderately active 
tissue. The Qo, of —2-6 found by Briggs et al. 
(1949) for rat-aorta slices in a phosphate-buffer 
solution containing succinate agrees with the 
mean value of — 2-43 obtained in the present work 
when the medium was Krebs solution, which con- 
tains other tricarboxylic acid cycle acids lactate, 
glutamate and fumarate. 

The results summarized in Table 3 show that 
there is a definite decrease in the Qo, of aortic 
tissue as the body size of the animal used increases. 
Krebs (1950) observed a similar decrease in other 
tissues with increasing body size and considered 
that this phenomenon was due to the fact that cells 
with lower respiration (like those of connective 
tissue) are more preponderant in the larger species. 
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A similar decrease appears to take place during 
embryonic development, as shown in Figs. 1 and 2. 
Work on the early embryo has demonstrated 
neither changes during development nor local 
differences in the oxygen uptake if this is calculated 
per unit of nitrogen or dry weight (see Spratt, 
1952). In the present study on older embryos, 
however, the reduction in Qo, with age or with 
increasing body weight during embryonic life was 
definite and characteristic. Such a reduction might 
conceivably be due to developmental changes in 
the respiratory-enzyme systems. Stained sections 
of embryonic arteries, however, suggested that it 
might be associated with an increase of relatively 
inert material such as reticulin, collagen and elastic 
tissue. The attempt to put this on a quantitative 
basis by means of densitometer readings gave a 
surprising degree of correlation between the curves 
for Qo, and for reciprocals of densitometer readings 
of Mal!lory-stained sections. Such reciprocals may 
be taken to represent the degree of cellularity of 
the sections. Whatever other influences may be at 
work, therefore, the accumulation of connective 
tissue is likely to be a dominant factor in deter- 
mining the reduction in respiratory activity of the 
artery with advancing development. 


SUMMARY 


1. The Qo, of artery slices from the rat, rabbit, 
sheep, pig and ox have been determined with the 
Warburg manometer. 

2. Similar observations on arteries derived from 
chick embryos ranging in age from 6 to 22 days of in- 
cubation have been made with a micro-respirometer. 
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3. The adult arteries were moderately active 
tissues with Q,, values ranging from —0-37 to 
— 2-43. Comparing one species with another, there 
was a decrease of Qy, with increase of size of the 
animal. 

4. A regular and considerable reductica in Qo, 
of chick arterial tissue occurred as the age and 
weight of the embryo increased. This reduction 
was apparently associated with the development of 
connective tissue. 
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a grant for expenses from the Scottish Hospital Endow- 
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meter, Mr J. H. Johnstone for making the densitometer 
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The Isolation of a Hypertensin 


By W. S. PEART 
Medical Unit, St Mary’s Hospital, London, W. 2, and National Institute for Medical Research, 
Mill Hill, London, N.W. 7 


(Received 19 September 1955) 


‘There have been a number of recent reports on the 
purification of the pressor substance hypertensin, or 
angiotonin (Bumpus & Page, 1954; Skeggs, Marsh, 
Kahn & Shumway, 1954a; Kuether & Haney, 
1955), in which the pressor activity was associated 
with peptide material. The pressor activity of these 
recent preparations was stated to be greater than 
that reported by Edman (1945), but the amino 
acid composition of the preparations varied con- 
siderably. The isolation is now reported of an 
apparently homogeneous peptide containing eight 


different amino acids, with a pressor activity 
1-5-3 times that of (— )-noradrenaline as measured 
in the anaesthetized rat (Peart, 1955a). A pre- 
liminary report of this work has already appeared 
(Peart, 19555). 


METHODS 


Materials. All solvents were redistilled and had a low 
peroxide content. Hyflo Supercel was obtained from Johns 
Manville Co., Ltd., Artillery Row, London, 8.W. 1. It was 
suspended in 2N-HCI overnight, washed with H,O until 
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nearly neutral, and dried at 105°. Silane-treated Hyflo was 
prepared as described by Howard & Martin (1950). 

Preparation of hypertensin. This was prepared by incuba- 
tion of renin, made from rabbit kidney, with ox serum, in 
the presence of charcoal, from which the hypertensin 
was subsequently eluted with glacial acetic acid (Peart, 
1955a). 

Assay of hypertensin. Direct measurement was made of 
the pressor response in the anaesthetized rat given penta- 
pyrrolidinium tartrate (Peart, 1955a). Increase in the 
activity/weight quotient at each stage was measured by 
comparison with (— )-noradrenaline. 

Partition chromatography. Columns were packed with 
Hyflo or silane-treated Hyflo, 1 ml. of stationary phase/2 g. 
of support being used (Martin, 1949). 

Amino acid identification. Standard paper-chromato- 
graphic techniques were used (Consden, Gordon & Martin, 
1944) with phenol-3% NH, and n-butanol-acetic acid— 
water (63:10:27 by vol.) (ef. Partridge, 1948) as a solvent 
pair for two-way chromatograms. n-Butanol-3% NH, was 
used to distinguish leucine from isoleucine. 

Quantitative amino acid analysis. Paper chromatography 
on Whatman no. 3 paper by descent for 24 hr. (phase 
mixture butanol-acetic acid—water, as above) was followed 
by colour development at 100° for 15 min. after spraying 
with ninhydrin (1%) in n-butanol saturated with phosphate 
buffer (0-05m) pH 7-0. The spots were eluted with 70% 
(v/v) acetone and the optical density was read in a Unicam 
spectrophotometer SP. 500 at 580 muy. (cf. Pereira & Serra, 
1951). Serial dilutions of an equimolar mixture of the eight 
amino acids present in the hypertensin were run in parallel 
with the hydrolysate. A curve relating quantity to optical 
density was made for each amino acid and the values for 
the hypertensin hydrolysate were obtained from it. The 
accuracy for duplicate runs of known amounts was+ 10%, 
and the lower limit was 0-025-0-05 umole for all except 
proline, which was 0-05 to 0-1 mole. The temperature of 
colour development was important for proline, since at 65° 
the usual yellow colour with ninhydrin developed, but at 
100° a blue-brown colour was produced, with a maximum 
optical density at 580 my. 

N-Terminal group. This was determined by the FDNB 
method of Sanger & Thompson (1953). The DNP amino 
acid was identified by paper chromatography, the tert. 
pentanol—phthalate buffer (pH 6-0) system of Blackburn & 
Lowther (1951) being used. 

Paper electrophoresis. Durrum’s technique (1950) was 
used. Whatman no. 1 paper was irrigated for 48 hr. with 
30% (v/v) acetic acid before use. The potential drop along 
the paper was usually 5-10v/em. and the buffer solutions 
employed were as follows: pH 2-0, 5% (v/v) formic acid; 
pH 2-5, 30% (v/v) acetic acid; pH 3-0, 4-0 and 5-0, acetic 
acid-sodium acetate (0-05m); pH6-0 and 7-0, KOH/ 
KH,PO, (0-1Mm); pH 8-0, boric acid-sodium borate (0-1M); 
pH 9-5, glycine/NaOH (0-1m); pH 10-5, proline/NaOH 
(0-1m); pH 12-0, NaOH (0-01). There was no rigid control 
of ionic strength. In the tests for homogeneity a potential 
drop of 20v/em. with 50% (v/v) acetic acid was also used. 
At the end of a run, successive 1 cm. sections of the paper 
away from the origin were eluted with 0-3% (w/w) NH; 
and the eluates assayed to discover the site of pressor 
activity. Electroendosmosis was followed by using glucose 
as the neutral marker, the glucose being stained with 
aniline phthalate (Partridge, 1949). A lem. strip at the 
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edge of the paper was stained for glucose and the remainder 

of the paper was examined for the pressor activity. 
Spectrophotometry. This was carried out by the logar- 

ithmic-cam moving-plate method (Holiday, 1937). 


RESULTS 
Paper electrophoresis 


Using paper electrophoresis, it was possible to 
obtain reproducible results at pH values of 2-13 
with the pressor activity present in a confined area 
and readily eluted from the paper. Material (5 mg.) 
from the butanol-extract stage was applied to the 
paper. Fig. 1 illustrates such an experiment at 
pH 6-0, where the pressor activity had moved 
towards the cathode and was present in segments 
7 and 8. In Fig. 2, the movement of hypertensin 


110 


Pressure (mm. Hg) 
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Fig. 1. Paper electrophoresis of hypertensin in 0-1M 
phosphate buffer pH 6-0, run for 3 hr. at 5v/em. The 
pressor activity of equal dilutions of eluates from suc- 
cessive cm. strips of paper is shown. Nearly all the 
activity is in strips 7 and 8. 5 mg. of material from the 
butanol-extract stage was applied. 
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Fig. 2. Paper electrophoresis, showing the movement of 
hypertensin relative to glucose at various pH’s. Run for 
3 hr. at 5v/em. 








522 


relative to glucose was plotted at various pH 
values, showing that hypertensin was amphoteric 
with an isoelectric range of pH 7-8-5. This sup- 
ported the view that hypertensin was a peptide, 
and the rather high isoelectric range suggested the 
possibility that there was a preponderance of basic 
groups. The value of this procedure was great, 


since the information was gained by the use of 


small quantities of the impure hypertensin from the 
butanol-extract stage, and it is doubtful whether 
any other method could give comparable informa- 
tion at such a stage of purity. It was shown sub- 
sequently that the crude material contained three 
distinct pressor materials, but the electrophoretic 
results applied to only one of these, the major 
fraction, which represented 80% of the total 
activity. The assays of the eluates from the paper 
were carried out on dilutions in which only this 
major fraction could have been detected. 


Purification 

The main steps in the process of ‘purification, 
starting with 400 1. of blood, are shown in Table 1, 
and the data in the following description apply to 
this batch. 

Initial extraction. The crude aqueous hyper- 
tensin solution obtained from the charcoal eluate 
(Peart, 1955a) had a volume of 750 ml. and a 
dry weight of 25g. It was saturated with NaCl, 
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brought to pH 1 with HCl and extracted twice 
with an equal volume of n-butanol (Skeggs, Kahn 
& Shumway, 1952). The butanol was extracted 
three times with one-third of its volume of water, 
which was evaporated to dryness on a rotary still 
(Craig, Gregory & Hausmann, 1950) at 10 mm. and 
45°, and unless otherwise stated this drying pro- 
cedure was always used in the subsequent steps. 

Salt removal. In order to remove the NaCl 
carried over in the previous step, the residue was 
suspended in the minimum volume of glacial acetic 
acid, in which hypertensin was freely soluble and 
NaCl very slightly soluble. Five washes with 
10 ml. portions of acetic acid were needed to dis- 
solve all the hypertensin. The solution was filtered 
and the filtrate dried, leaving a residue which 
weighed 4:5 g. These extraction procedures gave 
a five-fold increase in the activity/weight quotient, 
with a 90 % recovery of activity. It was important 
that hypertensin could now be used in systems of 
partition chromatography. 

Butanol-acetic acid partition column. The material 
from the previous step was dissolved in 50 ml. of 
the mobile phase and applied to a Hyflo column 
(200 g.) holding the lower phase of a mixture of 
n-butanol—acetie acid—water (9:1:10 by vol.), with 
the top phase mobile. The partition coefficient of 
hypertensin in this phase mixture was 10:1 in 
favour of the lower phase. From this type of 


Table 1. Isolation of a hypertensin 


400 |. of ox blood 
(5 batches) 


200 |. of serum 
(incubated with renin) 
| 
¥. . . 
Aqueous hypertensin solution 
from charcoal eluate 


Butanol extract 


Partition chromatography 
200 g. column of Hyflo 
(butanol-aqueous acetic acid) 
& 4 , 
major 
peak 
/ 


minor 


peak A 


& 
200 g. column of Hyflo 
(butanol-aqueous trichloroacetic acid) 
& 4 2 
major 
peak 


minor 


peak B 


o 
Adsorption chromatography 
150 g. column of Hyflo 

| 


Y 
one peak 


Activity 


Increase in recovery 


Dry wt. activity/wt. of each stage 
(g.) quotient (%) 
25 — eens 
4:5 5 90 
0-22 25 80 
0-042 5 80 
0-006 6 80 
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column two peaks of pressor material were ob- 
tained with R values of 0-65-0-7 and 0-35-0-4 
respectively. The first, minor peak, contained only 
5-10% of the total activity and was stored for 
further study. The increase in the activity/weight 
quotient of the material in the main peak was 25- 
fold and the average recovery of activity was 80%. 
A typical result is shown in Fig. 3, where the two 
peaks of pressor activity in the effluent from the 
column are shown. The active material in the 
major peak, contained in 250 ml., was displaced 
into 1 vol. of water, after the addition of 2 vol. of 
ether, and the aqueous solution was evaporated to 
dryness. This avoided losses which occurred if the 
butanol solution itself was evaporated to dryness. 
The material weighed 220 mg. 
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Fig. 3. Elution of hypertensins from a Hyflo column 
(200 g. of support; diameter 3-2cm.). Phase mixture: 
n-butanol-acetic acid—water (9:1:10 by vol.). Upper 
phase mobile. Fractions, 50 ml. A major and a minor 
peak are shown. 4-5 g. of material was applied to the 
column. 


Hyflo adsorption column. At this stage the use of 
a Hyflo adsorption column was not a direct step in 
the line of purification, but it can be conveniently 
considered here. A sample (2 mg.). of the active 
material from the major peak of the butanol— 
acetic acid column was adsorbed from water on a 
2g. column of Hyflo and eluted with 0-005m 
ammonium formate (pH 6-5). This gave clear 
evidence of two pressor materials: a minor peak 
displaced at the front, representing 5-10 % of the 
total activity, and a slower-moving peak starting 
at about R 0-15 and trailing slowly off the column. 
This represented the remainder of the activity, and 
the trailing elution could be sharpened by increas- 
ing the concentration of the eluent. Fig. 4 shows 
an experiment in which the first peak is shown 
fully (fractions 2-5) and the first three fractions 
(i-9) of the main activity, which continued to 
trail out of the column, in a further nine fractions. 
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Both peaks when re-run on a similar column ran 
with the same FR values. 

Butanol-trichloroacetic acid partition column. This 
was the next step in the main line of purification. 
The material (220 mg.) from the major peak of the 
butanol—acetic acid column was dissolved in 50 ml. 
of the mobile phase and applied to a reverse-phase 
column of 200 g. of silane-treated Hyflo holding the 
upper phase of a mixture of n-butanol—0-25% 
aqueous trichloroacetic acid (1:4 by vol.) with the 
lower phase mobile. The partition coefficient was 
15:1 in favour of the upper phase. It was noted 
that trichloroacetic acid markedly increased the 
partition coefficient of hypertensin in favour of 
certain water-immiscible alcohols. This resembles 
the effect of dichloroacetic acid on the partition of 
insulin between water and sec.-butanol (Harfenist 
& Craig, 1951). From this type of column two 
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Fig. 4. Adsorption chromatography of hypertensins on a 
Hyflo column (2g. of adsorbent; diameter 1-1 cm.). 
Eluent, 0-005M ammonium formate. The tracing shows 
pressor responses to equal dilutions of the 1-8 ml. 
fractions. The initial minor peak (2-5) and the start of 
the major peak (7-9) are shown. 2 mg. of material was 
applied to the column. 


peaks of pressor activity were obtained, with R& 
values of 0-5—-0-55 and 0-25-0-3 respectively. The 
first represented 5-10 % of the total activity and 
was stored for further study. There was a five-fold 
increase in the activity/weight quotient for the 
material in the major peak, and the recovery of 
activity was 80%. The weight of material in the , 
peak was obtained by acidifying a portion (5% by- 
volume) of the solution with HCl to pH 1-0, and 
extracting five times with ether to remove the 
trichloroacetic acid, before evaporating to dryness. 
The dry weight of the fraction was 2-1 mg., and the 
total weight was therefore 42 mg. Fig. 5 shows the 
position and relative activity of the two peaks in 
the effluent from a 50g. column. It will be noted 
that there was some trailing of the major peak, and 
this was almost certainly due to adsorption of the 
hypertensin on the Hyflo. When the products from 
the two peaks were adsorbed on to a Hyflo column 
and elution was carried out with 0-005M ammonium 
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formate they yielded a major and a minor peak 
respectively which were chromatographically iden- 
tical with those obtained from the Hyflo adsorption 
column described in the preceding section. It was 
at this stage that the adsorption of hypertensin on 
glass was noted. The adsorption could be reduced by 
treating the glass with silane, and, if the active 
solutions of the major peak were brought above 
pH 8-5 with NH,OH or NaOH, desorption was 
complete from untreated glass. 
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Fig. 5. Elution of hypertensins from a silane-treated Hyflo 
column (50 g. support; diameter 2-2 em.). Phase mixture 
n-butanol-0-25% aqueous trichloroacetic acid (1:4 by 
vol.). Lower phase mobile. Fractions 10 ml. Minor and 
major peaks are shown. 60 mg. of material was applied 
to the column. 


Adsorption on Hyflo. For the final stage of 
purification, the solution containing the active 
material of the main peak from the butanol— 
trichloroacetic acid column was extracted five 
times with an equal volume of ether, without acidi- 
fication, to remove most of the trichloroacetic acid, 
before evaporation to about 100 ml. This solution 
was applied to a 150g. column of Hyflo. After 
washing with two column volumes of water the 
activity was displaced with 0-02M ammonium 
formate (pH 6-5) as a single peak at the front. 
After drying at 0-01 mm. Hg and 30° to remove 
the formate a small amount of insoluble inorganic 
matter often remained. The hypertensin was then 
taken up from the flask in repeated small volumes 
of water, leaving the insoluble material stuck to the 
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walls. This did not lead to any loss of activity and, 
on drying in vacuo, the solution yielded a freely 
soluble white powder which had an activity/weight 
quotient 1-5-3 times that of (—)-noradrenaline 
when assayed in the rat. There was a six-fold 
increase in the activity/weight quotient at this 
step, and the recovery of activity was 80%. The 
dry weight was 6 mg. The assay for any one pre- 
paration varied within the stated limits when tested 
on different rats, and Fig. 6 shows an assay where 
hypertensin was three times as active as noradren- 
aline (wt./wt.). 
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Fig. 6. Assay of hypertensin. For method, see text. This 
shows that 0-02 ug. of hypertensin (H) is equivalent to 
0-06 wg. of ( —)-noradrenaline (NOR). 


Chemical properties of the final product 


Ultraviolet absorption spectrum. At pH 8-0 the 
fine structure of the ultraviolet absorption spectrum 
of the hypertensin revealed absorption bands due 
only to phenylalanine and tyrosine. There was no 
evidence of tryptophan. The fine-structure ab- 
sorption bands assigned to phenylalanine varied 
individually up to +54 compared with those of 
pure phenylalanine. The similar bands assigned to 
tyrosine varied individually from +7 to +104, 
compared with those of pure tyrosine. In simple 
di- and tri-peptides the phenylalanine bands are 
unchanged, but the individual tyrosine bands may 
shift up to +5A. In native proteins the phenyl- 
alanine bands _ shift +5 and. +154, 
whereas those for tyrosine may shift up to +604 
(cf. Beaven & Holiday, 1952). 

Amino acid composition. The hypertensin was 
hydrolysed in 6N-HCl for 14 hr. at 105°, and the 
hydrolysate studied by paper chromatography. 
The chromatograms showed the presence of leucine, 
phenylalanine, valine, tyrosine, proline, aspartic 
acid, arginine and histidine (Fig. 7). A further 
chromatogram in n-butanol—3 % NH, showed that 
isoleucine was absent. Whether the aspartic acid is 
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present in the peptide as an asparagine residue has 
not yet been determined. 

The results of a quantitative experiment are 
shown in Table 2. They show that the simplest 
formula for the molecule would be that of a deca- 
peptide (mol. wt. 1445) containing the following 
numbers of amino acid residues: leucine (1), 
phenylalanine (1), tyrosine (1), proline (1), aspartic 
— (1), arginine (1), valine (2) and histidine (2) 
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Lysine 
Histidine 
Arginine 

As artic acid 
Serine 
Glycine 
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Alanine 
Tyrosine 
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Fig. 7. 


by vol.). (b) Two-dimensional: 
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Paper pg eh of a hypertensin hydrolysate. (a) One-dimensional. 
(i) as in (a), (ii) phenol-3% 
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this was the only DNP amino acid found was con- 
sistent with the assumption that the peptide was 
homogeneous. 

Behaviour on paper electrophoresis. An 
test of the homogeneity of this peptide was by 
paper electrophoresis. At pH 2-0 and 8-6 the 
pressor activity was associated with the same 
pattern of amino acids on hydrolysis. This is 
illustrated (for pH 2) in Fig. 8; Fig. 8 (a) shows the 
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Proline does not show in this process. The other seven amino aie are shown. 


hypertensin by paper chromatography 


Molar proportions* 
(Duplicate samples) 
Amino acid — 





Histidine 2-1 2 
Arginine 0-98 1 
Aspartic acid 1-05 1-08 
Proline 0-94 1-05 
Valine 1-9 1 
Leucine 1-0 l 
Phenylalanine 0-98 


Tyrosine 0-9 
* The value 1-0 was arbitrarily assigned to leucine. 


fa Table 2. Quantitative amino acid analysis of 


N-terminal group. Hydrolysis of the product 


obtained by allowing the hypertensin to react with 
FDNB yielded DNP-aspartic acid. The fact that 


movement of the pressor activity on the paper 
after a run in 30% (v/v) acetic acid, and Fig. 8 (b) 
shows the amino acid content of hydrolysates of 
eluates from corresponding cm. strips of the paper. 
Section 9, which contained 95% of the pressor 
activity, was the only section containing the 
peptide, which therefore appeared to be homo- 
geneous under these conditions. The one ninhydrin 
spot common to all sections was a contaminant in 
the filter paper which was not removed by pro- 
longed acid washing. 

In the hypertensin hydrolysate there were faint 
traces of glutamic acid, threonine and lysine shown 
by two-way paper chromatography, and the 
hypertensin could best be freed of this slight con- 
tamination by paper electrophoresis in 50% (v/v) 
acetic acid at a potential drop of 20v/cm. for 4 hr. 
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DISCUSSION 


There were three main problems in the _ purifi- 
cation of hypertensin which deserve further 
mention: 

(1) Association. In the partition of hypertensin 
between water and organic solvents, there was 
a marked tendency for the hypertensin to associate 
with impurities and so to give a false partition 
coefficient. The butanol-extraction procedure made 
possible the succeeding stages of partition chro- 
matography by reducing this effect, presumably by 


leaving behind many of the impurities responsible. 
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Fig. 8. Paper electrophoresis. Acetic acid 30% (v/v). 
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Comparison of reported hypertensins 


Recent reports of the purification of hypertensin 
have shown varying results. Bumpus & Page 
(1954), using pig renin and substrate, obtained a 
product with 14 different amino acids. The N- 
terminal amino acid was stated to be aspartic acid. 
The product of Kuether & Haney (1955), who used 
the same species of starting material, contained 
15 different amino acids, but on investigation by 
the FDNB method of Sanger & Thompson (1953) 
e-DNP-lysine was found. Skeggs et al. (1954a), 
using pig renin and horse-serum substrate, obtained 
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of equal dilutions of 


eluates from successive cm. strips of paper. The percentage of the activity in section 9 was 95. (b) Paper chromato- 
graphy of hydrolysates of the eluates shown in (a). Solvent n-butanol-acetic acid—water (63:10:27 by vol.). 
Ninhydrin-treated. Contact photograph. Proline does not show in this process. The amino acids characteristic of 


hypertensin are present in 9, corresponding to the pressor activity. 


(2) Solvent destruction. Losses of activity were 
considerable in many organic solvents, and it was 
found essential to use redistilled solvents with a 
low peroxide content. 

(3) Adsorption. This was usually troublesome 
only at the higher stages of purification, but it is 
characteristic of this particular peptide and occurs 
readily on glass, cellulose and kieselguhr. Adsorp- 
tion of hypertensin on glass has previously been 
noted by Skeggs et al. (1954a). On all three 
adsorbents, desorption could be effected by raising 
the pH above 8-5 or lowering it to 1-0. This 
property may be related to the basic groups present 
in the peptide, which could be held by the acidic 
groups of the adsorbents. 


a product with nine different amino acids, but made 
no statement about the N-terminal amino acid. It 
is possible that not all these materials were homo- 
geneous. A further reason for variation in the 
amino acid composition may be that different 
species of renin and substrate have been used for 
the preparation of the starting material (cf. 
Bumpus & Page, 1954; Skeggs et al. 19544; and the 
present work). Comparisons will be on a firmer 
basis when the molar ratios of the amino acids in 
these reported hypertensins are given. 

Apart from species differences in renin and sub- 
strate, the preparations of renin used by most 
workers were impure and probably consisted of 
mixtures of enzymes. The possibility must be 
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considered that differences in the renin prepara- 
tions were responsible for the formation of different 
end products. The formation of three pressor sub- 
stances, probably all peptides, in the present work, 
lends some weight to this suggestion. 

Pressor actiwity. Comparison of the pressor 
activity of the various reported hypertensins is 
difficult, since many different assay methods have 
been used. However, Kuether & Haney (1955) 
have compared directly the products of Bumpus & 
Page (1954) and Skeggs et al. (1954a) with their 
own material and claim to have a much more 
active preparation. On standing in solution for 
24 hr., over 90 % of the activity was lost. There has 
been no observed loss of activity in the present 
preparation, and it must be presumed that the 
preparation of Kuether & Haney contains a 
different material. The activity/weight quotient 
of the present peptide is closest to that of the pre- 
paration of Skeggs et al. (1954a), whose preparation 
was four times as active as (— )-noradrenaline when 
assayed by the same type of procedure. 

Multiplicity of hypertensins. It is not known 
whether the three pressor substances obtained in 
the present study are related. Skeggs, Marsh, 
Kahn & Shumway (19546) claimed to show the 
existence of two different forms of hypertensin. 
Hypertensin I was formed from renin and its sub- 
strate, but was rapidly converted into hypertensin 
II by a factor present in the plasma. They further 
showed that these two hypertensins could be 
differentiated in a Craig countercurrent distribu- 
tion apparatus. Whether there is a similar relation 
between any of the substances now reported has 
not yet been investigated. 

The main conclusion must be that there is 
evidence for a variety of hypertensins. From the 
evidence obtained by paper electrophoresis at 
different pH values, the demonstration of only one 
V-terminal amino acid, and the results of quanti- 
tative amino acid analysis, it appeared that one 
homogeneous hypertensin peptide had been iso- 
lated in the present work. 


SUMMARY 


1. Hypertensin formed by the action of rabbit 
renin on ox serum has been resolved by partition 
chromatography into three active components. 

2. The amphoteric nature of the major active 
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component has been shown by electrophoresis on 
paper. 

3. The major active component has been iso- 
lated in a form which appears to be homogeneous. 
It is a peptide containing eight different amino acids 
which are present as ten residues in its minimum 
stoicheiometric unit. It shows a pressor action up 
to three times that of (— )-noradrenaline. 

4. The hypertensin isolated in this work has 
been compared with hypertensins previously 
described. 
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